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Chapter 1
Introduction
Sintering is a thermal process by which adjacent particles are brought together by re-
ducing interfacial area and surface energies leading to densiﬁcation. It is a crucial step
for fabrication of a ceramic component since it is usually during sintering that the prop-
erties of the ﬁnal products are controlled. The aim is to produce sintered parts with
reproducible and if possible designed microstructure through control of sintering parame-
ters. These requirements and control of the ﬁnal shape are fundamental especially in the
microelectronic industry.
Miniaturization of mobile communications equipment and multimedia applications
such as mobile phones, laptops, video game consoles, MP3 players, digital cameras and
photo printers require the use of components with ever more compact dimensions. Thus,
during the two last decades, the demands on material and electrical packaging of modules
have increased greatly, leading to fruitful developments in materials science of electrical
packaging. Low temperature co-ﬁred ceramic (LTCC) technology is among the most
promising approaches to miniaturization of electronics packaging. It exploits both the
ceramic and metallic beneﬁts and a reliable screen-printing technology, with the unique
ability to integrate a broad variety of components (such as capacitors and inductors) into
a very compact arrangement. Nowadays, the LTCC technology is widely used in wireless
applications, especially in the radio frequency ﬁeld and the market size is signiﬁcantly
expanding: from $757 million in 2002, going to $833 million in 2003 and to $1,885 million
in 2007. However, there are still challenges to be met: for instance, to better control the
shrinkage and the dimensional variations during processing.
During the sintering process of LTCC, non-densifying layers and uniaxial compressive
stresses are used to constrain the in-plane shrinkage of LTCC layers, thereby improving
dimensional tolerances of the ﬁred layers. Internal stresses develop during the densiﬁca-
tion process as a result of mismatch in the sintering rates within the component. Built-in
stresses lead to reduced shrinkage rates and changes in the microstructure of the con-
strained layers.
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Although sintering of constrained ﬁlms is a common manufacturing process, there is
still a lack of understanding of what the mechanisms involved in the sintering process are
and how they are aﬀected under constraint. This work is performed to obtain some of the
needed experimental data and provide further insight into the densiﬁcation of constrained
ﬁlms. Knowledge gained from this study will help engineers to optimize the design and
manufacturing process that in turn will lead to higher production yields, lower costs and
more reliable devices.
This work is divided into ﬁve sections.
In chapter 2, an overview of the LTCC technology is provided. Fundamental and
theoretical aspects of sintering and constrained sintering are further given in details. The
continuum mechanical description of sintering which is used to characterize macroscopi-
cally the densiﬁcation behavior under constraint is presented.
The details of the experimental procedures performed in this work can be found in
the third chapter. Sample preparation, sintering experiments and the diﬀerent ways of
sample characterization are described.
Then, the fourth chapter deals with the results. Sintering parameters are measured as
function of density and the densiﬁcation behavior under geometrical constraint is char-
acterized. The goal is to understand how tensile or compressive loadings inﬂuence the
densiﬁcation behavior. Furthermore, diﬀerent viscous and elastic constraining substrates
are used and models are developed to take into account the mechanical properties of
such materials. Two diﬀerent study cases are distinguished: sintering of asymmetric and
symmetric laminates.
Results are further discussed in the ﬁfth chapter. Model predictions are compared to
experimental observations. Particular attention is paid on the anisotropy development
within the microstructure. Correlation between microstructure and the macroscopic sin-
tering parameters is then highlighted.
A brief summary as well as an outlook are given at the end.
Chapter 2
Theory
2.1 LTCC technology
Nowadays, there is an increased demand on the market for use of mobile applications
and the trend is going towards miniaturization.1 As Tummala has shown,2 the computer
system performance depends on two major components: semi-conductor and packaging.
It is then of high importance to improve packaging properties. Considering the important
characteristics of ceramic substrates (dielectric constant, wiring density, metallization,
thermal-expansion match to silicon, dimensional control and mechanical strength), LTCC
technology is the most promising candidate.
LTCC provides a multilayer ceramic technology and presents many advantages com-
pared to other thick ﬁlm or high temperature co-ﬁred ceramic (HTCC) technologies. The
sintering temperature of the ceramic materials is below 900C and thus they can be
co-ﬁred with low-resistive conductor materials such as silver, copper, or gold3 instead
of molybdenum or tungsten for HTCC technology. Silver, gold and copper have a low
melting temperature (961C, 1062C, and 1083C, respectively) but higher than the
sintering temperature. Passive elements, such as resistors, capacitors and inductors are
embedded into the ceramic package.4 Resistors are processed with the help of special
pastes, which have to be printed on the tape just like conductor lines and have to be
post- or co-ﬁred. Capacitors and inductors are built only with the help of special forms
of the conductor lines (plates, spoils). Typically, in a LTCC module, there are 150-300
passive components with 50-70% capacitors, 20-40% resistors and 10% inductors.5 Hence
the size of the components decreases: the integration of passive components is made in a
3D structure instead of arranging the components in a 2D structure (ﬁgure 2.1). LTCC
technology presents also a good ﬂexibility and reliability as well as a low cost due to the
production process.6 Another advantage is that LTCC materials have a tunable range of
properties, like dielectric constant and thermal expansion coeﬃcient.6 For example, the
properties vary by changing the proportion of the ceramic ﬁller in the glass matrix phase.
This feature makes the LTCC substrate very attractive for various integrated packaging.
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Figure 2.1: LTCC module - www.electronicproducts.com.
LTCC materials have better thermo-mechanical properties than polymers PCBs (printed
circuit boards) and thus can be used in hostile environments.
A disadvantage of LTCC materials is that they have a low thermal conductivity (2-6
W.m−1K−1). One technological solution to cope with this problem is to integrate ther-
mal vias into the structure to bring out the heat.7;8 Moreover, the main diﬃculties in
the development of new LTCC materials are related to their sintering behavior and their
chemical compatibility.9 The number of diﬀerent phases should be kept as low as possible
in order to limit the problems of chemical compatibility between the diﬀerent phases;
whereas, the misalignment of the diﬀerent layers inﬂuences the performance of the pack-
age. Today, the main challenges are to increase the variety of material systems, to achieve
tighter dimensional control, smaller metal dimensions (striplines, vias) and to optimize
the process.
2.1.1 Processing
Processing of LTCC components follows diﬀerent steps (ﬁgure 2.2). The preparation of
the slurry for tape casting is ﬁrst made. The raw powders are milled in presence of a
solvent and later organics are added in order to reach the mechanical requirements for
green body handling. The slurry is then tape cast and the green sheets are manipulated:
via forming is typically done by punching or drilling, via ﬁlling and conductor printing
is done by screen printing. Good rheology and surface energies are two major factors
that inﬂuence the printing properties (the viscosity of the paste can be controlled by the
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Figure 2.2: LTCC processing ﬂow chart.
inorganic particle such as silica present in the paste).7 After that, the diﬀerent layers are
laminated under controlled pressure and temperature. The laminate is cut to its ﬁnal
size. Burn-out of the organic additives and co-ﬁring is made in a single step. Sintering
temperature proﬁle is well deﬁned to control the glass crystallization. It is also important
that sintering does not occur below 700C. Any densiﬁcation below this temperature is
undesirable because carbon needs to be removed and any residual carbon would aﬀect the
dielectric constant and thus the properties of the package.2 Finally, the LTCC module is
connected with chips and board with the help of diﬀerent technologies. For example, the
chip-to-LTCC interconnection can be done by wire bonding or ﬂip chip bonding whereas
the LTCC-to-board interface can be done by ball grid array.10
Processing of LTCC permits that each layer of the circuit is processed in parallel
before being laminated into the ﬁnal structure. Thus, a ﬂaw in one step of the process
may require scrapping only the aﬀected print layer and not the whole module.8;11
2.1.2 Applications and properties
LTCC technology is used mainly in microelectronic packaging in the radio frequency (RF)
ﬁeld:1
 Mobile telecommunication devices (0.9-2 GHz)
 Geographical positioning systems (1.6 GHz)
 Wireless networks such as Bluetooth (2.4 GHz)
 Broad band access connection system (5.8-40 GHz)
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A low dissipation factor (inversely proportional to the quality factor), an appropriate
permittivity (dielectric constant) and a temperature coeﬃcient of the resonance frequency
near zero are important. These three properties deﬁne the quality and the size of the RF
component. Permittivity is a signiﬁcant property since the propagation speed of the
electrical signal is inversely proportional to the square root of the permittivity. Thus,
low-dielectric-constant ceramics will have higher performances. A low dissipation factor
will permit to design RF ﬁlters with low losses. Although the main losses in the fre-
quency range from 4 to 44 GHz are conductive losses, the relative importance of dielectric
losses increases as function of frequency.10 Finally, the temperature coeﬃcient of the res-
onance frequency should be kept as close as possible to 0 ppm/C for a stable frequency
response of the integrated elements such as resonators and ﬁlters, at its operational tem-
perature.12;13 The coeﬃcient of thermal expansion (CTE) should also be chosen to match
closely the value of the mounting board and chip (CTE of silicon in the most common
case).
LTCC technology is not only limited to packaging applications. LTCC materials can
also be used for meso-system technology as sensors, actuators.14;15 It has been shown that
LTCC materials could replace silicon in Micro-Electro-Mechanical Systems (MEMS) in
the meso scale range (from 10 to several 100 microns). LTCC materials are suitable since
they present the right thermal, mechanical and electrical properties for these applications
and they are inexpensive to process.14;15
2.1.3 Materials
In order to reach the desired properties, LTCC materials need to meet several require-
ments. Properties will vary strongly with phase composition as well as microstructure
of the material. For example, the degree of crystallization of the glass phase is an im-
portant parameter as it aﬀects both electrical and mechanical properties: the presence of
the glass phase in the LTCC tape necessarily reduces the quality factor;1618 whereas, if
the degree of crystallinity is high, it would result in good mechanical properties. Other
parameters such as porosity can inﬂuence the dielectric properties of the material: low
levels of porosity (< 5 vol%) signiﬁcantly decrease the permittivity, but do not aﬀect the
dielectric losses.17
LTCC materials contain a broad range of materials, as the functions these materials
can fulﬁll are quite diﬀerent. In signal propagation related cases, materials require a low
permittivity, while for capacitors applications, the permittivity must be high (>20).10;16;18
In any case, to be compatible with the LTCC technology, the materials should meet the
following requirements: to have a low sintering temperature (below 900C) and to be
compatible with the electrode pastes.
In order to extend the range of applications, a large variety of materials is used in
the LTCC technology. Figure 2.3 illustrates the diﬀerent LTCC material systems. Most
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Figure 2.3: LTCC material systems - GF: glass free ceramics; GBC: glass bonded ceramics;
GCC: glass ceramic composites; GC: glass ceramics.20
of the current commercial LTCC materials possess an amount of glass higher than 50
vol.%.19 They can be classiﬁed in glass + ceramic (or glass ceramic composite (GCC)
 e.g. DuPont 951) and glass-ceramic (GC) (or crystallizable glass  e.g. Heraeus CT
700). Two other classes of LTCC can be distinguished: glass free ceramics (GF) and glass
bonded ceramics (GBC).
GCC is the most common LTCC material. It is composed of a ceramic ﬁller (generally,
Al2O3) in a glass matrix (generally a borosilicate glass). The ceramic particles limit the
glass ﬂow by acting as a physical barrier. They also inhibit sintering of the glass and thus
facilitate better burnout of the organics.21 During the co-ﬁring process, the ceramic ﬁller
is partially dissolved in the glass melt which will later crystallize.
GC are normally suitable for 2030 GHz applications, such as in military and aerospace
applications, where low loss is required.12 They are deﬁned as ceramics formed by con-
trolled crystallization of glass resulting in materials of high crystallinity after ﬁring. The
most common GC is the crystallizable cordierite. The glass is sintered to full density in
the glassy state and subsequently crystallized to yield glass-ceramics with α - cordierite
as the principal crystalline phase.22 The dielectric constant of IBM GC has a value of 5.
Another glass system can be used for GC: a calcium aluminosilicate glass of composition
CaAl2Si2O8, which crystallizes as anorthite.
With respect to both mechanical and dielectric properties, the presence of glass is not
desirable in the ﬁnal product. It is then of high interest to study potential LTCC materials
without glass content (GF). Moreover, it is of great importance to reduce the number
of phases present in the LTCC modules in order to avoid chemical reactions between
these phases.9 The principal diﬃculty encountered is then to meet the requirement of a
low sintering temperature.9;23 Possible solutions to produce glass-free ceramics are to use
calcium silicates, germinates and tellurates. ZnO-TiO2 with B2O3 (1 wt%) and CuO (0.5
wt%) has been also studied.
GBC is a mixture of low-melting glass and ceramic ﬁller, but contrary to GCC, the
glass is also designed to react with the ﬁller ceramic at the sintering temperature to form
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high-Q crystalline phases. Titanates are normally used: the dissolution of TiO2 in the
glass and subsequent formation of titanium compounds can lead to a very low temperature
coeﬃcient of the resonance frequency.
Finally, the diﬀerent materials can be assembled in one package. When at least two
diﬀerent LTCC materials are present in a single module, it is called Advanced LTCC. An
example of a two-material multilayer consists of an inner material with medium permit-
tivity and outer layers of low permittivity. Such a combination enables the integration of
miniaturized microwave ﬁlters in a LTCC module.19;24
2.2 Fundamentals of sintering
2.2.1 Generalities
Sintering is the reduction in interfacial area by atomic transport mechanisms. Porous
bodies have interface and surface energies. During sintering both energies will tend to
minimize: area can be reduced by smoothing irregularities and/or closing pores. Closing
pores increases density whereas smoothing surface does not. Alternate paths for matter
transport during sintering may occur: viscous ﬂow, surface diﬀusion, lattice diﬀusion,
grain boundary diﬀusion, evaporation/condensation. The activation energy is commonly
brought to the porous body by heating. An external mechanical load can be applied to
enhance densiﬁcation (sinter-forging, hot isostatic pressing, etc...).
Sintering can be classiﬁed into several processes:
 Sintering that proceeds by solid-state diﬀusion. Polycrystalline materials usually
sinter by this process.
 Amorphous materials sinter by viscous ﬂow and thus are considered to undergo
viscous sintering. The sintering temperature is above the glass transition.
 When a liquid phase is present during sintering (a few percent in volume), the
sintering process is known as liquid phase sintering. Liquid phase sintering can
be used to assist solid state sintering. It enhances densiﬁcation rates as the liquid
phase provides a path for rapid transport, and it can produce speciﬁc grain boundary
properties.
Every sintering process can be divided into three stages: initial stage, intermediate
stage and ﬁnal stage (ﬁgure 2.4). In the ﬁrst stage, neck growth between the particles
occurs in the ﬁrst 5% of densiﬁcation. In the intermediate stage, the pores are still
interconnected. This stage takes place up to 92-94% of the theoretical density. In the
ﬁnal stage, the pores are isolated and disappear until the theoretical density is reached.
Sintering rate depends on two parameters: temperature (which controls the diﬀusion rate)
and particle size (which controls the diﬀusion length scale).
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Figure 2.4: Schematic showing the densiﬁcation curve of a powder compact and the three
sintering stages.
2.2.2 Viscous sintering
2.2.2.1 Viscous sintering of glasses
Glasses are non-crystalline solids obtained by progressive and continuous freezing of su-
percooled liquids with retarded crystallization. They do not show any regular long range
order of atoms positions.
Viscous sintering takes place when a compact of glassy particles is heated to a tem-
perature high enough so that the glass ﬂows under the action of surface tension forces.
The temperature for viscous sintering should be determined so that the surface tension
is high and the viscosity is low, i.e. when the glass reaches its lower viscosity without
crystallizing.25 One of the characteristics of sintering of glass particles is that it occurs at
a relatively low temperature: the particles are already coalescing at one-half to two-third
of the melting temperature (softening point of 106.6 Pa.s). This is due to the fact that the
glassy phase does not have any regular structure. Rearrangement of the former structure
is then easier than in crystalline materials where diﬀusion takes place. At the sintering
temperature, the material behaves like an incompressible Newtonian viscous ﬂuid. One
should be aware that because of too low a viscosity, slumping can occur only by the eﬀect
of gravity.
The driving force for the ﬂow is the excess of free surface energy of the porous glass
compared to the same quantity of a fully dense glass. In other words, viscous ﬂow is the
kinetic path through which the surface area is minimized.26;27 Mathematical models of
viscous sintering are based on the hypothesis made by Frenkel:28 the energy dissipated
in viscous ﬂow is equal to the energy gained by reduction in surface area. Frenkel28
applied this energy balance to describe the early stage of coalescence of two equal spherical
particles (ﬁgure 2.5) and derived the following equation:28
10 CHAPTER 2. THEORY
X r 
q
Figure 2.5: Schematic illustration of Frenkel's model.
(
X
2r
)2
=
√
3γst
2ηr
(2.1)
where X is the neck radius, r the radius of the particle, γs is the glass-vapor surface
energy, t is the isothermal sintering time and η is the viscosity.
Rewriting this equation, the relative density is given by:
γsn
1/3
η
(t− t0) = 8
3
(
3
4pi
)1/3
P 1/3
(
1− ρ
ρ0
)
(2.2)
where P is the number of pores per particle and n is the number of closed pores/volume
of solid phase.
We can notice that the initial stage of sintering of glass particles is similar to solid
state sintering as neck growth occurs due to viscous ﬂow.29
In the intermediate stage, densiﬁcation will occur as pores shrink. In a glass system,
it can be assumed that gas, which is trapped in pores, can diﬀuse rapidly through the
interconnected pores. The pore shrinkage is proportional to γs/η. As the viscosity is
strongly dependent on temperature whereas γs is weakly dependent on temperature, pore
shrinkage is enhanced by temperature. Scherer's cubic array's model is appropriate for
this sintering stage27;30 though it was developed for viscous systems with very low density
such as gels and waveguide preforms (ﬁg. 2.6).31 Scherer investigated diﬀerent geometries
for his model and showed that the cell shape did not have any strong inﬂuence on the
predicted densiﬁcation behavior.30 For densities higher than 94.2% the structure can no
longer be described as an array of cylinders as the cell contains a closed pore.
For this model, the relative density is given by:
γsn
1/3
η
(t− t0) = − 2
α
(
1
2
ln
α2 − αy + y2
(α + y)2
+
√
3tan−1
2y − α
α
√
3
)
(2.3)
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Figure 2.6: Microstructural model from Scherer consisting of cylinders in a cubic array:
(A) Unit cell showing edge length, l, and cylinder radius, a; (B) model of low-density
microstructure (ρ = 0.05); (C) model of microstructure with ρ = 0.50.
where α =
(
8
√
2
)1/3
, y = 3
√
(3pi/x)− 8√2, x = a/l and ρ = 3pix2 − 8√2x3.
In the ﬁnal stage, closing of the pores occurs and the densiﬁcation rate of uniform
spherical pores is described by the MacKenzie-Shuttleworth model.32 The model approxi-
mates a pore with its surrounding matrix by a spherical shell (ﬁgure 2.7). For this model,
the relative density is given by:
γsn
1/3
η
(t− t0) = f(ρ(t))− f(ρ0) (2.4)
where,
f(ρ) = −2
3
(
3
4pi
)1/3(√
3tan−1
(
2(1/ρ− 1)1/3 − 1√
3
)
+
3
2
log
[
(1− ρ)1/3 + ρ1/3]) (2.5)
On ﬁgure 2.8 the densiﬁcation behavior for the three models is plotted. Models
by Scherer31 and MacKenzie-Shuttleworth32 do not depend on initial density whereas
Frenkel's model is strongly dependent on initial density. There is a good agreement of
Scherer31 and MacKenzie-Shuttleworth's model32 in spite of the diﬀerent microstructural
geometries used.
As indicated in ﬁgure 2.8, to have a complete densiﬁcation of a sintering body with
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Figure 2.7: Geometrical model from MacKenzie and Shuttleworth.
an initial density of 0.52, the required time is:
t ≈ 1× η
γsn1/3
≈
3
√
4piηr
γs
(2.6)
A smaller particle size and lower viscosity lead to shorter sintering times. However,
the particle size eﬀect (t ∝ r) is less signiﬁcant than for polycrystalline materials where
the required time is proportional to r3 or r4.29
In order to describe viscous sintering over the whole range of density, Pascual et al.
proposed the clusters model, which allows both Frenkel28, and MacKenzie-Shuttleworth32
models to occur simultaneously.33 Sintering is divided into three stages: a pure Frenkel
stage, a mixed Frenkel/MacKenzie-Shuttleworth stage and ﬁnally a pure MacKenzie-
Shuttleworth step. The model considers the overall shrinkage as the sum of the cluster's
shrinkage. Each cluster could be in one of the three stages of the sintering steps. The
model is based on an experimental fact: small particles preferentially cluster in the open
spaces left by larger particles and sinter faster.33 The model was then upgraded to take
into account the eﬀect of embedded rigid ﬁbers34 and concurrent crystallization.27;35
Numerous issues about numerical simulation of viscous sintering have been pub-
lished.3642 Simulations are also based on the hypothesis made by Frenkel:28 the energy
dissipated in viscous ﬂow is equal to the energy gained by reduction in surface area.
Jagota et al.36 modeled viscous sintering of two initially spherical particles and the sur-
face tension generates viscous creep. A ﬁnite element method was used to show that the
deformation is localized in a small region near the neck and the surface velocities are
outward radial everywhere. Van de Vorst used a numerical approach to simulate viscous
sintering with a two-dimensional unit cell.38 He showed that the smallest pores vanished,
followed by the larger ones. Interestingly, pores, which have a large concave boundary
part, initially grew and further shrank. However, pore boundary length decreased as time
evolved.
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Figure 2.8: Relative density vs. time for Frenkel, Scherer and MacKenzie-Shuttleworth
models. The starting relative density is ρ0 = 0.52 (simple cubic packing of spheres) and
corresponds to the time γsn
1/3(t− t0)/η = 0. For Frenkel's model, P = 1.
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Figure 2.9: Sintering trajectory - Densiﬁcation and crystallization.
2.2.2.2 Viscous sintering with concurrent crystallization
During sintering of glass material, crystallization can occur by diﬀerent processes: bulk
crystallization or surface crystallization (homogeneous or heterogeneous crystallization,
respectively). Heterogeneous crystallization is most common. Wittman and Zanotto43
showed for anorthite glass that the nucleation occurred along surface scratches. It was
also observed that the presence of a crystalline second phase enhances the heterogeneous
nucleation rate of the glass.44
Diﬀerent paths can be followed as densiﬁcation and crystallization could occur in se-
quence or in combination (ﬁgure 2.9). As the viscosity of a polycrystalline material is
much higher than the viscosity of an amorphous one for the same composition, densiﬁca-
tion of a polycrystalline material will be signiﬁcantly more diﬃcult than the amorphous
phase. The crystallized surfaces slow down the densiﬁcation kinetics as they do not ﬂow
and as a consequence, viscous ﬂow is hindered. They play the same role as pre-existing
crystalline particles: only glass-glass contacts contribute to sintering.27 In other words,
trajectory C should be preferred to trajectory A and B (ﬁgure 2.9). Note that, if crys-
tallization occurs, viscous sintering will not be anymore the sintering process but solid or
liquid phase sintering processes could occur. Another point to take into account is that
non-stoichiometric crystallization (the crystal composition diﬀers from the glass compo-
sition) induces variations in the glass composition and then aﬀects properties such as
viscosity and surface energy.27 The driving force for crystallization depends to a great
extent on temperature but can also be enhanced by a load.45 Note that the presence of
crystalline particles promotes crystallization. Prado et al. showed that smaller particle
size and better surface quality (no pre-existing crystals) favor sintering over crystalliza-
tion.27 In order to avoid crystallization, the sintering temperature should be high enough
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(apart from the crystallization temperature range) and should be reached quickly as the
material is susceptible to crystallization during the heating path.27;44
2.2.2.3 Viscous sintering of glass-ceramic composites
Crystalline ceramic particles are added to a glass matrix since it can cause a signiﬁ-
cant improvement of mechanical properties (bending strength, microhardness, and frac-
ture toughness) compared to the un-reinforced glass-ceramic.46 Mechanical properties are
improved since cracks are deﬂected by the presence of the ceramic particles. Ceramic
particles can also improve dielectric properties such as in LTCC systems.47
Ewsuk48 proposed to describe the densiﬁcation behavior of a glass-ceramic composite
as non-reactive liquid phase sintering (NLPS) in three stages. In the ﬁrst stage, the
glass becomes ﬂuid and inﬁltrates the ﬁne capillary pore structure of the ceramic ﬁller.
Both solid-liquid and solid-vapor interfaces are present in the composite and lead to a
force imbalance, which induces particle rearrangement (2nd stage). For the ﬁnal stage of
sintering, the driving force is deﬁned by the Laplace equation and is driven by viscous
ﬂow.
The viscosity of the glass-ceramic composite, ηGCC can be related to the viscosity of
the glass ηGlass:
ηGCC =
1 + ζvs
1− vs
vsmax

2
ηGlass (2.7)
where ζ is a constant that increases with decreasing ﬁller particle size, vs is the volume
fraction of particles and vsmax is the maximum fractional packing density of the particles
(for a random packing of spherical particles, vsmax = 0.64
49). The viscosity increases as
the volume fraction of particles increases.
It was experimentally observed that if ﬁller particle size increases, shrinkage rate in-
creases. Several explanations were proposed: (i) glass redistribution occurs faster as pores
are expected to be larger (ii) viscosity decreases so that the third stage is favored and
(iii) for smaller particle size, the contact particle/glass is larger; hence there is less glass
available for glass redistribution. Finally, it was shown that ηGlass controls the densiﬁca-
tion during the initial and intermediate stage whereas, ηGCC controls densiﬁcation during
the ﬁnal stage. The last stage is by far the slowest stage and if the volume fraction of
particles is high (ηGCC is large), the viscosity of the glass should be low in order to reach
high densities.50
Jagota et al.37 simulated viscous sintering of coated particles with glass. This case is
similar to a glass particle composite with a wetting angle of the glass of 0 degree. It was
shown that the sintering rate decreases as the particles approach each other and is limited
by ﬂow into the gap between the particles.
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However, Kemethmüller et al.51 showed that the wetting of the alumina particles is
not necessary to obtain fully dense samples. In this case, the ﬁrst and second stage of
Ewsuk's model48 are left out and it is assumed that the viscous ﬂow is the predominant
mechanism.
2.3 Continuum mechanical description of sintering
2.3.1 Theory
The sintering kinetics of porous bodies are not only determined by the properties of the
powder particles and the nature of their interaction. Macroscopic factors can interfere
such as in sintering of multilayers, thin ﬁlms, composite materials and complex-shaped
components. Sintering is then constrained. Diﬀerential shrinkage between the diﬀer-
ent materials/regions will result in the development of residual stress ﬁelds within the
component.5255 Two types of constraint can be distinguished: (i) when an external com-
pressive force is applied (densiﬁcation is then enhanced) and (ii) when tensile stresses
arise during sintering (densiﬁcation is then retarded). The ﬁrst case corresponds to the
measurement of the sintering parameters and will be discussed in  2.3.2. In the sec-
ond case, the densiﬁcation can be inhibited by sintering a ﬁlm on/between non-shrinking
substrate(s), sintering a heterogeneous compact (containing for example agglomerates or
having a density gradient) and sintering composites ( 2.3.5 and  2.3.6).
In order to predict the sintering behavior of sintering bodies, a continuum mechanical
framework will be used. The mechanical response of a material to a stress can be elastic,
viscoelastic or viscous (ﬁgure 2.10). By considering the relaxation time τ , for a Maxwell
element:
τ =
Ep
E
(2.8)
where Ep is the uniaxial viscosity and E is the Young's modulus, a body is considered to
be elastic when the relaxation time is long ( 1 s); whereas, it is considered to be viscous
when the relaxation time is short ( 1 s).56
A sintering body subjected to an applied load was assumed to show an instantaneous
elastic strain and a continuous deformation controlled by viscous ﬂow or creep.57 However,
it was shown that the elastic response has only a negligible eﬀect on the calculated stresses
and strains and therefore, sintering bodies are considered as purely viscous (relaxation
time is short).58 This theory was originally developed for materials that sinter by viscous
ﬂow, but has also been applied to materials that densify by solid state diﬀusion.53 The
continuum mechanical framework is based on the constitutive equations for an isotropic
linear elastic solid which have the form:45
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Figure 2.10: Schematic showing elastic, viscoelastic and viscous responses to an applied
stress of a Maxwell element.
εi =
(
1
E
)
[σi − ν(σj + σk)] (2.9)
with i = 1, 2, 3 and i 6= j 6= k. 1, 2 and 3 are the principal axes, ν is the Poisson's ratio,
σ the stress and ε the strain.
Using the viscous analogy,53;59;60 the strains εi are replaced by strain rates ε˙i ; Poisson's
ratio ν is replaced by the viscous Poisson's ratio, νp and the Young's modulus E is replaced
by the uniaxial viscosity Ep. The constitutive equations which describe the response to
external constraints during sintering of a porous body thus become:
ε˙constr.i = ε˙
free +
(
1
Ep
)
[σi − νp(σj + σk)] (2.10)
ε˙free is the free strain rate during sintering of a porous body without external constraints.
Note that in the elastic case, εfree is usually equal to 0 since most elastic bodies do not
expand nor shrink if no load is applied.
By describing the sintering behavior by eq. 2.10, two hypotheses are assumed: the
material is isotropic - the shrinkage for free sintering is the same in all directions - and
linear - the response of the shrinkage rate is linear to the applied load. The parameters,
ε˙free, Ep and νp, are speciﬁc and characteristic of the porous ceramic body. Note that
there is no identiﬁcation of the 3 diﬀerent stages of sintering as the equations remain the
18 CHAPTER 2. THEORY
same for the entire process.
Bulk and shear viscosities, respectively Kp and Gp, can be deduced from uniaxial
viscosity and viscous Poisson's ratio:
Kp =
Ep
3(1− 2νp) (2.11)
Gp =
Ep
2(1 + 2νp)
(2.12)
Bulk viscosity is a measure of the viscous resistance to densiﬁcation under hydrostatic
pressure. A material with a lower bulk viscosity would sinter faster. For an incompressible
and isotropic viscous liquid the Poisson's ratio has a value of 0.5, so νp should approach
this value as the porosity goes to zero.53 Indeed, if the viscous Poisson's ratio is higher
than 0.5, it would mean that the densiﬁcation rate, when an external compressive load is
applied, is lower than for free sintering. The following limits can be deduced: Gp → Gp∞,
Ep →3Gp∞, Kp →∞, where Gp∞ is the shear viscosity of the fully dense body.
With the sintering parameters deﬁned above, the sintering stress also called sintering
driving force or sintering potential can be deduced. The uniaxial sintering stress, σs,
is expressed as a function of uniaxial viscosity and free strain rate by setting σi = σs,
σj = σk = 0 and ε˙
constr.
i = 0 in eq. 2.10:
σs = −Ep · ε˙free (2.13)
To compute the hydrostatic sintering stress, the viscous Poisson's ratio has to be taken
into account (σi = σj = σk = Σ and ε˙
constr.
i = 0 ):
Σ = − ε˙
freeEp
1− 2νp = −3K
p · ε˙free (2.14)
For a polycrystalline material, ε˙free may be related to the volume diﬀusion coeﬃcient
and Kp may depend on grain boundary sliding58. From a micromechanical point of view,
the hydrostatic sintering stress can be also theoretically expressed in terms of curvature
and interfacial energy, as shown in the most basic form in eq. 2.15.61;62
Σ =
2γs
r
+
2γb
G
(2.15)
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where γs and γb are surface energy and grain boundary energy, respectively, and G and
r are grain size and radius of curvature of the pore, respectively. This equation is the
sum of the capillary pressure of the pores and the capillary pressure of the grains. It is
obtained by calculating the derivative of total interfacial energy with total volume of the
compact.
In some cases, the isotropic model is not suﬃcient to fully describe the behavior of a
sintering body.63 An anisotropic model should be used:64
 ε˙1ε˙2
ε˙3
 =
 ε˙
free
1
ε˙free2
ε˙free3
+

1
Ep1
−νp21
Ep2
−νp31
Ep3
−νp12
Ep1
1
Ep2
−νp32
Ep3
−νp13
Ep1
−νp23
Ep2
1
Ep3

 σ1σ2
σ3
 (2.16)
with
νpij =
ε˙freej − ε˙j
ε˙i − ε˙freei
(2.17)
and
Epi =
σi
ε˙i − ε˙freei
(2.18)
In the particular transversely isotropic case (a special class of the orthotropic case
where the properties are the same in one plane - e.g. the 1-2 plane - and diﬀerent in the
direction normal to this plane - e.g. the 3-axis), the following simpliﬁcations can be made:
νp12 = ν
p
21 ; ν
p
31 = ν
p
32 ; ν
p
23 = ν
p
13 and ε˙
free
1 = ε˙
free
2 (2.19)
Thus, for the case of a transversely isotropic porous body, not only three sintering pa-
rameters (ε˙freez , E
p, νp) are needed to fully describe the sintering behavior of the material,
but seven (ε˙free1 , ε˙
free
3 , E
p
1 , E
p
3 , ν
p
12, ν
p
31, ν
p
23).
2.3.2 Experimental determination of the sintering parameters
The free sintering rate can be easily measured in a dilatometer. To measure both other
sintering parameters (Ep and νp), the sintering body is placed under stresses and the
response to the mechanical loading is macroscopically monitored. Various techniques such
as sinter-forging, cyclic loading dilatometry and bending creep test are used. Up to now,
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only the isotropic formulation has been widely used since the experimental measurement
of anisotropic parameters is very challenging.65
2.3.2.1 Bending creep test
The bending creep test can be used to measure the uniaxial viscosity of porous materials
during sintering.66;67 Yttria stabilized zirconia beam shape samples were supported on
both ends point and loaded in the center.66 By measuring the deﬂection rate in the center
of the specimen, the uniaxial viscosity is deduced from the viscous analogue of deﬂection
beam theory. The drawback of this method is that the density of the specimen is not
available at any time, as it has to be previously measured in a dilatometer.
2.3.2.2 Cyclic loading dilatometry
Cyclic loading dilatometry is an alternative technique to measure the uniaxial viscos-
ity.56;67 A constant uniaxial load is applied intermittently (for a small range of density)
on a cylindrical sample. Strains in the axial direction are recorded as a function of time
and allow computing the uniaxial viscosity. It is thought that the load-free periods are
eﬀective in removing the stress-induced microstructural alteration due to the loading peri-
ods ( 2.4). The advantage of this technique is that only a single run is needed to compute
the uniaxial viscosity over the whole density range.
2.3.2.3 Sinter-forging
Sinter-forging is a similar technique to cyclic loading dilatometry. A constant uniaxial
load is applied on a cylindrical sample. Both axial and radial strains are recorded as a
function of time and density. Both uniaxial viscosity and viscous Poisson's ratio can then
be computed. This technique was successfully applied for experimental investigations on
diﬀerent materials such as glass,6870 alumina,7175 and other materials.76;77 This method
has been used in this work and is explained in  3.3 in further detail.
2.3.3 Models
Sintering parameters depend on several variables. It is widely accepted that the uniaxial
viscosity can be written as follows:78
Ep = Ep0 · Ep1(ρ) · Ep2(G) · Ep3(T ) (2.20)
where Ep0 is a scaling factor, Ep1(ρ) the uniaxial viscosity dependence on the relative
density ρ, Ep2(G) the uniaxial viscosity dependence on grain size, G and Ep3(T ) the
uniaxial viscosity dependence on temperature T . The uniaxial viscosity is thermally
activated and the temperature dependence follows an Arrhenius law. Uniaxial viscosity
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of materials which sinter by solid-state sintering is aﬀected by grain growth: Ep2(G) is
proportional to the cube of the grain size. The density dependence is more prone to
discussion and will be considered below in the presentation of the diﬀerent models.
Models describing the sintering behavior of materials under constraints can be clas-
siﬁed into micromechanical55;7984 and phenomenological models.73;85;86 Here, few models
are described as well as the hypothesis on which they are based.
Micromechanical models
Micromechanical models are based on geometrical assumptions of the powder compact.
As mentioned earlier, an elementary cell can be composed of two spheres28 (or more),87
cylindrical particles31 or an isolated pore in a matrix.32 In order to compute the sintering
stress, three methods can be applied:81
 the energy diﬀerence method - the sintering stress is associated with the change of
total energy by a virtual change of pore volume in equilibrium
 the curvature method - the sintering stress consists of two terms; the ﬁrst term
is proportional to pore curvature, and the second term is also associated with the
change of total energy by a virtual change of pore volume in equilibrium
 the force balance method - for an equilibrium state, the sintering stress just balances
the internal surface tension forces so that the porous material does not shrink
As we have seen before, Frenkel28, Scherer31 and MacKenzie and Shuttleworth32 pro-
posed their own model based on the force balance method. Wakai et al.81 used these three
methods and showed that the sintering stress was identical for these three methods for
idealized porous materials in equilibrium, in which the pore surface had a constant curva-
ture at any point. Results lead to an increase of the sintering stress with density. Riedel
and co-workers79;80 used the curvature method. They computed equilibrium surfaces of
open porosity like it was suggested by Beere61 for the intermediate and late stage of sin-
tering. Grain boundary diﬀusion was the dominant mass transport mechanism. Sintering
stress was obtained as function of the dihedral angle and the relative density.80 Du and
Cocks55 modeled stress ﬁelds due to heterogeneities with the help of the ﬁnite element
analysis. They separated evolution laws for densiﬁcation and grain growth. MacMeeking
and Kuhn88 proposed a constitutive law taking into account the distortion of the particles,
the boundary diﬀusion and sliding. Hsueh's model89 is essentially a linear-viscoelastic de-
scription of the process. However, micromechanical creep models of porous materials and
grain growth were employed in the development of the ﬁnal constitutive relationships.
Using the force balance method, the micromechanical modeling can also be based on a
discrete element method (DEM), which accounts for the granular nature of the material
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by treating every grain as a distinct element (particle).65;82;90;91 The movement of each
particle is calculated through the mechanical force equilibrium of Newton's equation of
motion with other particles in contact. Parhami et al.82 simulated the early stage of sin-
tering. Investigation by Martin et al.90 enables new contacts to be detected and particle
coarsening was introduced. By using DEM, anisotropic sintering parameters can be also
predicted.65
Phenomenological models
The ﬁrst phenomenological models used a viscoelastic analysis.57 Maxwell and Voigt
elements (spring and dashpot models) described the response of a sintered body to me-
chanical applied stresses. The Laplace transformation was performed on the relevant
stress equations and the time-dependent stresses and strain rates were calculated from
the elastic solution. Bordia and Scherer58;92;93 pointed out some problems since the vis-
coelastic analogy could not be applied. As the elastic modulus is a function of time, no
simple Laplace transformation can be done. However, it was noticed that the strains dur-
ing densiﬁcation are enormous compared to the elastic strains and only a viscous analogy
is necessary. Later work of Cai et al.56 on alumina at high temperature observed the tran-
sitions between elastic, viscoelastic and viscous stage. Alumina was sintered in the viscous
temperature range and thus it is consistent with Bordia and Scherer arguments.58;92
Raj and Bordia57 studied the case of the sintering behavior of a bi-modal powder com-
pact. The constitutive properties of a porous material are represented by spring-dashpot
elements. The analysis combines densiﬁcation with deviatoric creep, as the shear response
is modeled by a Maxwell element and the densiﬁcation response by a Kelvin-Voigt element.
Moreover, they assumed a constant shear modulus. The model describes a glass matrix
constrained by rigid inclusions well. Based upon the stochastic approach, Skorokhod94
suggested expressions for eﬀective shear and bulk viscosities for porous material in terms
of the viscosity of the solid phase and porosity. The model by Venkatachari and Raj73 is
based on sinter-forging measurements on alumina. The applied stress was larger than the
sintering stress and had a strong inﬂuence on densiﬁcation. The load bearing fraction,
φ, which is an indicator of the contact between particles, is supposed to be proportional
to the relative density. Rahaman's model85 is based on experimental results on CdO.
The applied stress was much lower than the sintering stress. The model was derived
by using Coble's creep mechanism for densiﬁcation95 and relies on Beere's geometrical
relationship for a deﬁnite grain/pore conﬁguration.96 Creep rate and densiﬁcation were
treated as independent processes and the diﬀerent parameters were then deduced from
the creep equation. The load bearing area was found to depend exponentially on porosity.
The ﬁtting parameter of the empirical function describes the pore shape and low values
indicate a high load bearing area. Based on sinter-forging experiments on glass, Ducamp
and Raj68 proposed a similar expression of the load bearing area.
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Figure 2.11: Density dependence of the normalized uniaxial viscosity by the value obtained
at full density. Curve labels: 1=Raj and Bordia57, 2=Venkatachari73, 3=MacKenzie and
Shuttleworth32, 4=Scherer31, 5=Skorokhod94, 6=Ducamp68, 7=Rahaman85, 8=Hsueh.89
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Figure 2.12: Density dependence of the viscous Poisson's ratio. Curve labels are the same
as for ﬁgure 2.11.
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Equations for the normalized uniaxial viscosity (ﬁgure 2.11) and the viscous Poisson's
ratio (ﬁgure 2.12) can be found in appendix A. In ﬁgure 2.11, the uniaxial viscosity is
plotted for some micromechanical and phenomenological models. For sake of comparison,
the uniaxial viscosity is normalized by the value obtained at full density. Each model
predicts an increase of the uniaxial viscosity with density. For Hsueh's model,89 where
the grain size is implicitly taken into account, the uniaxial viscosity increases drastically at
relative densities higher than 95%. Raj and Bordia's model57 predicts a value of uniaxial
viscosity of a dense sample 1.1 times larger than the uniaxial viscosity of a sample with
a relative density of 75% ; whereas, Ducamp's model68 predicts an increase by a factor of
4.1.
Viscous Poisson's ratio is plotted in ﬁgure 2.12. Each model, unless Rahaman's
model,85 predict an increase of the viscous Poisson's ratio with density and reach 0.5
at full density. Venkatachari's73, Skorokhod's94 and Hsueh's89 models predict negative
values at low densities. As the models by Skorokhod94 and Scherer31 ﬁt quite well in the
range of interest of densities, the isotropic viscous Poisson's ratio is believed to be not
sensitive to pore morphology.
Several points of criticism can be raised against the diﬀerent models. For the phe-
nomenological models, sinter-forging experiments were performed under a constant load
during the whole densiﬁcation period. As we will see later, the sintering parameters can
be strongly aﬀected if anisotropy is induced. Grain growth was found to be reduced by
continuous sinter-forging:72 the grain sizes of freely sintered samples are larger than those
of sinter-forged samples at the same density and the diﬀerence tends to increase with time.
Moreover, density alone as used in several previous models is not precise enough to give
a good approximation of the load-bearing area.83 The way to process the bulk samples
should be taken into account.78 Sura and Panda97 also noticed that pore shape evolves
strongly with densiﬁcation and thus corrected uniaxial viscosity with a pore shape factor
(derived from the elastic model from Nielsen98) varying with density.
2.3.4 Creep
Creep deﬁnes the time-dependent irreversible deformation under the inﬂuence of stresses
leading to a change of shape of the specimen. During constraint creep and densiﬁcation
occur simultaneously. The creep strain, εc is:
99
εc =
2
3
√
1
2
[(ε1 − ε2)2 + (ε2 − ε3)2 + (ε1 − ε2)2] (2.21)
In the case of uniaxial sinter forging ε1= εz and ε2= ε3 = εr, eq. 2.21 becomes:
εc =
2
3
|εz − εr| (2.22)
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Figure 2.13: Schematic showing a ﬁlm on a substrate.
This corresponds to the deviatoric strain of the strain tensor.73 In pure densiﬁcation
(where the axial strain is equal to the radial strain), the deviatoric strain is equal to 0.
For a constant applied stress, the ratio of the creep rate to the densiﬁcation rate of a
glass is almost independent of both temperature and density.70 Chu and De Jonghe100
studied the eﬀect of temperature on both densiﬁcation and creep by separating creep
strain from total densiﬁcation strain during sinter-forging, concluding that the ratio of
creep rate to densiﬁcation was independent of temperature and density. The creep rate
was found to be linearly dependent on the uniaxial applied stress, while the densiﬁcation
rate depends on the mean hydrostatic stress.70 Note that creep and densiﬁcation can be
treated as independent processes even if the load applied is greater than the sintering
stress.73 Creep is an important phenomenon as it relaxes the constraints. The following
parameter can be deﬁned:101
β =
KP
GP
(2.23)
β represents the ability to relax the shear stress during sintering. A high value of β is
desirable so that shear relaxation occurs faster than densiﬁcation rate. For glass, it was
shown by Ducamp and Raj68 that β is always higher than 1 and increases with density.
2.3.5 Constrained sintering of laminates
Sintering of constrained ﬁlms (ﬁgure 2.13) has been the subject of several investiga-
tions.52;53;56;102114 In this section, we consider (i) the sintering of a symmetric laminate
and (ii) the sintering of an asymmetric laminate. In the ﬁrst case, the camber is prohibited
as the structure is symmetrical. In the second case, the laminate will camber. The camber
can also be largely reduced if the substrate is rigid enough compared to the shrinking layer
at a given sintering temperature.115 In this particular case, the stress state in the shrink-
ing layer is assumed to be similar to the one in the shrinking layer between constraining
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Figure 2.14: Schematic of the possible defects during constrained sintering of a bi-layer.
substrates. In any case, two materials sinter at diﬀerent rates. Shear stresses are thus
generated and act as internal stresses. These stresses lead to creep and are opposed to
the sintering stress. Sintering will thus be inhibited.73
Damage
Tensile stress will lead to some defects such as cracks, delamination, camber. . . 56;106108
(ﬁgure 2.14 and ﬁgure 2.15). Note that defects can be generated in ﬁlms during the drying
process (before sintering) and also during cooling down from the sintering temperature to
room temperature. Residual stresses are formed due to the diﬀerent thermal expansion
between the two materials. Incompatibility stresses during sintering can be relaxed by
creep. If the rate of relaxation is faster than the rate of sintering, the magnitude of the
incompatibility stresses are kept to a minimum. Bordia and Raj52 showed that the stress
relaxation is governed by the shear response of the material. They showed also that the
highest incompatibility stresses are reached during the initial stages of sintering. This was
experimentally observed by Cai et al.56;107 Cracks either opened during sintering or acted
as pre-existing ﬂaws for thermal expansion mismatch cracks. In order to avoid cracks,
reduction of the heating and/or cooling rate was suggested. This enhances the reduction
of mismatch stresses present during constrained sintering.
Bordia and Jagota113 investigated crack growth for polycrystalline and glass materials.
They determined the conditions for crack growth of pre-existing cracks. Proposed by
Jagota et al.,103 a friction parameter between the substrate and the ﬁlm was deﬁned.
A critical value was found for crack growth in glass ﬁlms but not for alumina ﬁlms.
Moreover, a damage zone was present in alumina ﬁlms but not in glass ﬁlms. It has also
been shown that polycrystalline ﬁlms in multilayered structures are observed to be more
prone to the development of microstructural ﬂaws than glass ﬁlms during co-sintering.106
The incorporation of a glassy phase could be a solution in order to improve the stress
relaxation in polycrystalline ﬁlms.
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Figure 2.15: Crack in a LTCC ﬁlm. The constraining substrate, at the bottom, has been
removed.
2.3.5.1 Constrained sintering of a symmetric laminate
The lateral constraint imposed by a rigid substrate allows shrinkage only in the direction
perpendicular to the ﬁlm, ε˙1 = ε˙2 = 0. The ﬁlm is then under a state of biaxial tensile
stress. This tensile stress is equal in the plane 1-2, σ1 = σ2 = σ
∞ :116
σ∞ = − ε˙
freeEp
1− νp (2.24)
Retardation in densiﬁcation
The densiﬁcation rate of a constrained ﬁlm,
(
ρ˙cons
ρ
)
can be correlated with the den-
siﬁcation rate of a freely sintered body,
(
ρ˙free
ρ
)
, via the viscous Poisson's ratio, νp:58
(
ρ˙cons
ρ
)
=
1
3
(
1 + νp
1− νp
)(
ρ˙free
ρ
)
(2.25)
Retardation in densiﬁcation was ﬁrst thought to be due to the incompatibility stresses
which developed in the ﬁlm.109 However, as the hydrostatic stresses calculated by Scherer54
are between 2 and 22% of the sintering pressure, the stresses were too low to account for
the retarded densiﬁcation kinetics. This was experimentally observed by Choe et al.110
Another solution was proposed by Scherer: the interaction between densiﬁcation and
grain growth in an inhomogeneous powder compact could be the cause for the retarded
densiﬁcation kinetics. Garino et al.105 observed that the reduction in densiﬁcation rate is
more pronounced for polycrystalline ﬁlms than for glass ﬁlms.
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Figure 2.16: Schematic of the sintering of an asymmetric laminate.
2.3.5.2 Constrained sintering of an asymmetric laminate
During constrained sintering of an asymmetric laminate, an asymmetric stress state will
arise due to the diﬀerential shrinkage and lead to the camber of the sample. Three diﬀerent
models can be used to predict the camber: (i) Kanters' model102 which is believed to be
the most accurate; (ii) Cai's model107;117 which does not take into account the stress built-
in due to constraining, and (iii) the Stoney equation,115;118120 which is a simpliﬁcation of
Cai and Green's model and is suitable when one layer thickness is negligible compared to
the other.
Kanters' model
Let's consider the asymmetric laminate (ﬁgure 2.16). Both shrinking material and
substrate are viscous with a uniaxial viscosity Epi , a viscous Poisson's ratio ν
p
i and a free
sintering rate ε˙freei (i= 1, 2 referring to the corresponding material). h1 and h2 are the
thicknesses of the material 1 and 2, respectively.
Considering the Kirchhoﬀ assumptions:121
 the plate is initially ﬂat,
 normals remain straight, unstretched, and normal,
 the deﬂection (the normal component of the displacement vector) of the midplane
is small compared with the thickness of the plate,
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 the stress normal to the middle plane, σz, is small compared with the other stress
components and may be neglected in the stress-strain relations.
The radial strain of the laminate can be deﬁned with the kinematical approach as
follows:
εr(z) = ε0 − zκk (2.26)
where κk is the laminate camber (inverse of the curvature radius) and ε0 is the radial
strain for z = 0. By convention z = 0 is the laminate midplane. Derivation of eq. 2.26
with respect to time gives:
ε˙r(z) = ε˙0 − zκ˙k − z˙κk (2.27)
The viscous equation in the r − θ plane is derived from eq. 2.10 with σr = σ1 = σ2
and σ3 = 0:
ε˙r = ε˙
free +
1− νp
Ep
σr (2.28)
Combining eq. 2.27 and eq. 2.28, the stress along the laminate thickness is expressed
by:
σr(z) =
Ep(z)
1− νp(z)(ε˙0 − zκ˙k − z˙κk − ε˙
free(z)) (2.29)
By applying the force and torque equilibrium over the thickness on the whole com-
pound, one obtains two equations:
Force equilibrium: ∫
σrdz = 0 (2.30)
Torque equilibrium: ∫
σrzdz = 0 (2.31)
The two unknowns, κk and ε0, are deduced from eq. 2.30 and eq. 2.31.
The stress induced in the laminate, σr(z) is calculated from eq. 2.29. Radial and axial
strain rates are deduced from eq. 2.28 and the viscous equation in the z direction:
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ε˙z = ε˙
free − 2ν
p
Ep
σr (2.32)
Sintering parameters (Ep, νp and ε˙free) are then corrected with the new calculated
density for the next calculation step (see Appendix B).
Cai's model
Cai's model107;117 is directly derived from the elastic solution of the bending of an
asymmetric laminate where a mismatch strain exists between the two layers.122;123 Cai et
al.107;117 applied the viscous analogy and obtained the following solution for the camber
rate:
κ˙G =
( −6(m+ 1)2mn
m4n2 + 2mn(2m2 + 3m+ 2) + 1
)
(h1 + h2)∆ε˙ (2.33)
where κ˙G is the camber rate deﬁned by Cai et al.
107;117, n =
(
Ep1
1− νp1
)(
1− νp2
Ep2
)
, m =
h1
h2
and ∆ε˙ = ε˙free2 − ε˙free1
The Stoney formula is based on old paper.124 Lu et al.118 applied the viscous analogy
and the obtained formula can be seen as simpliﬁcation of Cai's model (eq. 2.33) with
m << 1:
κ˙S =
−6m2n∆ε˙
h1
(2.34)
where κ˙S is the camber rate deﬁned by Stoney.
In-plane stresses can be deduced from these three diﬀerent models.
2.3.6 Sintering with rigid inclusions
Sintering with rigid inclusions has been the interest of a lot of studies.54;57;76;89;93;125127
In the general case, the inclusions reduce the densiﬁcation rate (and sometimes the ﬁnal
density) and crack-like defects are induced. Two cases can be envisaged: (i) the inclusions
sinter faster than the matrix or (ii) the matrix sinters faster than the inclusions. In
the second case, which has been extensively studied, the retardation of densiﬁcation is
observable at all volume fractions of inclusions and the retardation is more severe as
the volume fraction of inclusions increases. The stresses have their maximum values at
the matrix-inclusion interface and decrease as 1/r3 in the matrix. Scherer developed
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the composite sphere model54 which is analogous to the problem of thermal expansion
mismatch. The stress in the inclusion is compressive and in the matrix is tensile so it
opposes to the compressive sintering stress. The tensile stress is often called a backstress.
Raj viscoelastic model57 predicted large tensile stresses as high as hundred times the
hydrostatic sintering stress, whereas Scherer54 predicted small backstresses:
σm
Σ
=
−vi
vi + 3K
p
m/4G
p
m
(2.35)
where σm is the transient stress in the matrix, vi is the volume fraction of the inclusions
and the subscript m refers to the matrix. The backstress can be up to 2 times higher
than the hydrostatic sintering stress if the viscous Poisson's limits are between 0 and 0.5.
Linear densiﬁcation rate, ε˙c, of the composite is predicted to be:
ε˙c =
(1− vi)ε˙freem
1 +
4
3
Gpm
Kpm
vi
(2.36)
Scherer54 proposed a second model, the self-consistent model. The shear viscosity of
the matrix is replaced by the shear viscosity of the composite, Gpc . An approximation to
Gpc is obtained from the Hashin-Shtrikman equation.
128 For fractions less than 20 vol%
the predictions of the two models are almost identical but they deviate signiﬁcantly at
higher values. The self consistent model predicts higher densiﬁcation delays. However,
the model still underestimates the eﬀects of inclusions. For glass-matrix composites, the
eﬀect of non-densifying inclusions on the densiﬁcation rate of the glass matrix has been
found to be small as long as the inclusions do not form a percolating network. For
instance it was shown, for a glass matrix, that if the volume fraction of inclusions was
below ∼ 12%,126;129 the sintering behavior was in good agreement with Scherer's model
prediction.54 One possible reason of the discrepancies with higher inclusion content could
be that the elastic analysis, on which Scherer's model is based, is valid for non-interacting
stress ﬁelds and so does the viscous analysis. Indeed, a percolating network will be reached
when the volume fraction of particles is 16% in three dimensions (the structure is then
mechanically rigid). The percolation threshold depends on aspect ratio and orientation
of the particles.130 If the inclusions form strong bonds, the densiﬁcation rate will be
reduced signiﬁcantly and the viscosity increased; whereas, if there is a phase between the
inclusions, higher inclusions content can be accommodated without a drastic reduction in
the densiﬁcation rate.
The retardation can be also attributed to the existence of diﬀerent types of porosity.33
Pores may be embedded in matrix material only, and pores are also possible in interstices
between matrix powder particles and inclusions. The diﬀerent pore types will have dif-
ferent surface energies, and thus, they will lead to an overall diﬀerent driving force for
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sintering in the composite powder compact in comparison with the inclusion-free com-
pact. It could lead to density saturation.34 Density saturation could also be attributed
to insoluble gases entrapped in the initial pores, and bubbles formed by the release of
dissolved gas (which can be catalyzed by crystallization).27 He and Zhao131 studied the
inﬂuence of inclusion shape on viscous sintering. If the aspect ratio of the particles was
diﬀerent than one, the overall shrinkage was lower than for spherical particles, whereas
the average stress in the matrix was higher.
Inclusions also aﬀect the uniaxial viscosity. Salamone et al.76 studied by sinter-forging
the eﬀect of rigid inclusions on the densiﬁcation and constitutive parameters of liquid-
phase-sintered YBa2Cu3O6+x powder compacts. It was reported that the inclusions reduce
the densiﬁcation rate and increase its viscosity compared to glass. The viscous Poisson's
ratio was found to ﬁt Scherer's model.31
2.4 Anisotropy
Anisotropy can be characterized at diﬀerent scales. At a microscopic level, anisotropy is
present in the microstructure, as pores and particles may have a preferred orientation.
At a macroscopic level, anisotropy is evidenced by the diﬀerence of shrinkage and viscous
properties in the diﬀerent directions. Both scales are related to each other. Anisotropy
can be induced into the compact body from diﬀerent ways: green bodies can already be
anisotropic from processing, porous bodies can become anisotropic during sintering when
stresses are either applied or induced by constraining conditions.
2.4.1 Anisotropy in the green body
2.4.1.1 Die pressing
Giess132 observed diﬀerent shrinkage in the axial and radial direction for glass compacts
composed of non spherical crushed glass particles. Particle orientation during pressing is
believed to be the source for anisotropy during sintering: ﬂat sides of the particles tend
to align horizontally.33 Exner and Giess133 found a correlation between the shrinkage
anisotropy factor k and the degree of orientation of the pore/solid interface. k is deﬁned
as following:
k =
∆L/L0
∆D/D0
=
εz
εr
(2.37)
Irrespective of particle size or shape, the shrinkage is always smaller in the pressing
direction. Indeed, Olevsky134 showed that the sintering stress is larger in the direction of
the larger pore axes because of the smaller value of the radius of curvature in this direction.
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Shrinkage anisotropy could also arise from other factors such as particle rearrangement
and inhomogeneous density distribution in the green compact.
2.4.1.2 Tape casting and lamination
Anisotropy in the plane induced by tape casting was studied by Raj and Cannon135. Tape
cast substrates exhibit large sintering shrinkage anisotropy in the plane. Shrinkage in the
transverse direction is always higher than that in the casting direction. The anisotropy
is higher in the initial stages of sintering and decreases as sintering progresses. High
shear rates, obtained with increased casting speed and smaller doctor blade gap, resulted
in increased anisotropy. Image analysis of the surface of green tapes showed signiﬁcant
correlation between particle orientation and shrinkage anisotropy: shrinkage was found
to be higher in the transverse direction, though the particles were oriented in the casting
direction. While the Laplacian pressure in the direction of larger pore axis is higher,
the viscosity will be larger in the same direction, thereby reducing the overall anisotropy
eﬀect.
Lamination without a die press increases strongly the anisotropy in the plane per-
pendicular to the axial direction.136 For alumina, it was found that the ﬁnal in-plane
shrinkage is in any case higher than the axial shrinkage.63;136 It was related to the packing
structure being denser in the axial direction136 and pores oriented parallel to the plane.63
2.4.2 Anisotropy under uniaxial load during sintering
Gravity has to be taken into account and provides an external stress inducing anisotropy.
Olevsky137;138 elaborated a mathematical model showing the gravity eﬀect. It resulted
in isosceles trapezoid shaped samples. At the beginning of sintering (when density is
lower than 72%) greater intensity of shrinkage anisotropy is provided by diﬀusional creep
mechanism than by viscous ﬂow. On the other hand, the viscous ﬂow mechanism causes
higher anisotropy at higher densities (72%<ρ<100%).
Boccaccini and Olevsky139 plotted qualitatively the anisotropy factor, k (eq. 2.37),
for diﬀerent cases of glass-powder compacts under a constant uniaxial load. They distin-
guished two diﬀerent cases:
 The viscous deformation induced by sintering is initially higher than the viscous
deformation induced by the external uniaxial stress (ﬁgure 2.17(a)).
 The viscous deformation induced by the external uniaxial stress is initially higher
than the viscous deformation induced by sintering (ﬁgure 2.17(b)).
In both cases, k is dependent on time and after a certain time the anisotropy factor
reaches a limit which corresponds to the inverse of the eﬀective Poisson's ratio. In the ﬁrst
case, the load is smaller than the sintering stress only initially (I). The sintering stress
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Figure 2.17: Schematic diagram showing the evolution of the relevant variables during
sintering of glass-powder-compacts under a constant uniaxial load. (a) The viscous defor-
mation induced by sintering is initially higher than the viscous deformation induced by
the external uniaxial stress, (b) the viscous deformation induced by the external uniaxial
stress is initially higher than the viscous deformation induced by sintering.139
further decreases as densiﬁcation proceeds and the applied load becomes larger than the
sintering stress. It is then corresponding to the ﬁrst case.
To measure the sintering parameters, whatever the technique used, an external load
is applied. This load will have an eﬀect on the shrinkage anisotropy, microstructure and
density. Isotropic equations used during the experiment may be not valid anymore. The
goal is to get rid of these eﬀects. One envisaged solution is to use loads smaller than the
sintering stress. However, for glass based systems, even small loads can result in signiﬁcant
shear due to low intrinsic shear viscosity of the glass phase139;140 (nevertheless, if the load
is kept below ∼ 5 kPa, the shrinkage anisotropy factor will be hardly dependent on stress).
In order to avoid this problem, optical dilatometers could be used.141 Another envisaged
solution is to reduce the time when the load is applied. Bordia58;92 and Zuo72;74 noticed
the importance of the microstructural veriﬁcation such as pore size and orientation as well
as grain growth. In the case of continuous sinter forging (the load is applied for a large
increase of density), it was observed that pores elongate along the loading direction as
the externally applied load promotes neck growth, whereas, for free sintering no preferred
pore orientation was observed.72 Both eﬀects change the values of the uniaxial viscosity
and the viscous Poisson's ratio. To avoid microstructural modiﬁcations, Zuo performed
discontinuous sinter-forging.74 Free sintering takes place up to various predeﬁned densities
and subsequent sintering at various constant uniaxial loads for a small increase of densities
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Figure 2.18: Schematic diagram of particle morphology of free (a) and constrained (b)
polycrystalline ﬁlms during sintering.
(= 5% in the case of alumina74). Cai et al.56 proposed cyclic dilatometry to measure the
viscosities and eliminate the stress history eﬀects. The stress history eﬀect (changes in
shrinkage anisotropy and sample microstructure) is minimized as between the loading
regimes, unloading regimes take place and allow the material to recover toward a stress-
free state. It was shown that a constant load test overestimates the viscosity by an order
of magnitude compared with the cyclic loading test.142 Grain size of a loaded specimen
and a freely sintered specimen were compared and did not show any variation.56
2.4.3 Constrained sintering of laminates
Macroscopically, this is a boundary case as the layer cannot shrink in the plane and
the anisotropy factor tends to inﬁnity. An orientation of the pores may result during
sintering (ﬁgure 2.18).63 Considering four particles, the probability of neck formation
at the position 1 and 2 for a ﬁlm freely sintered is the same, whereas, when the ﬁlm is
constrained, the neck formation in position 1 is favored to the neck formation in position 2
as the particles in the x direction cannot approach each other. As indicated in ﬁgure 2.18,
pores elongate along the z direction. This was experimentally observed by Guillon et al.63
Moreover, densiﬁcation retardation and preferential pore orientation were found to be
more important for thinner ﬁlms. The authors deﬁne two levels of geometrical constraint:
in the vicinity of the substrate, a lower density and ﬁner microstructure were observed
compared to the center of the layer. The presence of this interface layer is suggested to
result from hindered particle rearrangement.63
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2.4.4 Sintering with rigid inclusions
Non-sintering particles in a glass matrix inﬂuence also anisotropy. For glass-ceramics,
Boccaccini and Olevsky130 showed that sintering anisotropy decreases as content of inclu-
sions increases compared to the sintering behavior of the glass. In any case, samples were
found to shrink more in the radial than in the axial direction. However, if the inclusions
are oriented, anisotropic shrinkage is intensiﬁed.130 Shrinkage anisotropy can be also in-
ﬂuenced by partial or total crystallization: the new crystallites are playing the same role
as non-sintering particles.
2.5 Sintering of LTCC
2.5.1 Densiﬁcation behavior of freely sintered laminates
Freely sintered laminates show an anisotropic shrinkage behavior in all 3 directions.143
Anisotropy is directly linked to particle shape and size distribution and is therefore
strongly aﬀected by powder processing.143 If the anisometry of particles can be reduced,
anisotropic shrinkage is shown to be reduced.
2.5.2 Measuring sintering parameters
In order to achieve reliable predictions of shape and dimensional changes during manu-
facturing of LTCC packages, knowledge of the sintering parameters and their evolution
during sintering is essential.142;144150 Many theoretical models have been proposed to de-
scribe the mechanical behavior of sintering systems. However, adequate data are needed
to test these models. Recent publications reported sintering parameters experimentally
measured for diﬀerent LTCC materials and the results are presented below.
2.5.2.1 Uniaxial viscosity
Temperature and heating schedule have an important eﬀect on the uniaxial viscosity: Ep
can be determined at an isothermal temperature142;146;148 or during a heating ramp.147149
In the ﬁrst case, the uniaxial viscosity depends only on density and increases as densiﬁ-
cation proceeds. In the second case, the temperature has a great impact on the uniaxial
viscosity. At the beginning of densiﬁcation, Ep decreases (due to the increase of temper-
ature) whereas it increases at higher densities (densiﬁcation eﬀect).
Xie146 measured the uniaxial viscosity by continuous sinter-forging for three diﬀerent
commercial LTCC materials at a constant temperature. The viscosity varied non-linearly
with relative density, starting from a very low value in the low-density region and increas-
ing rapidly after a threshold density. His results ﬁtted quite well with Ducamp's model68
but conﬂicted with Scherer's model.31 Discrepancies were attributed to non-circularity of
the pores.
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The cyclic loading dilatometry technique was used to measure the viscosity of three
commercial glass based materials used in the LTCC technology.142;145;148;149 Since the ra-
dial shrinkage is not accessible using the cyclic loading dilatometry device, Mohanram et
al.142;148 made the hypothesis of a constant anisotropy factor, k, deﬁned in eq. 2.37 to
calculate the density at any time. Uniaxial viscosities were ranging from 0.1 to 100 GPa.s.
The authors paid attention to the microstructural changes due to the load. The presence
of low density regions was more pronounced in the case of the specimen under a constant-
loading than for freely sintered or cyclic loaded samples. This can be explained by the
fact that an external load reduces radial shrinkage and thus more porosity is observed
under the loading surface in the axial direction. Furthermore, isolated pores were present
in freely sintered specimens and not in the constant loaded specimens. In comparison
to a cyclic load test, a constant-load method underestimates the strain rate, because of
the gradual decrease in driving force for sintering in the axial direction. This results in
an overestimation of the viscosity, since the viscosity is inversely related to the strain
rate (eq 2.10). The obtained uniaxial viscosity of the three commercial LTCC materials
was compared with the models of Scherer31, Rahaman85, Ducamp68 and MacKenzie and
Shuttleworth.32 Experimental results diﬀered signiﬁcantly from the model predictions.
The uniaxial viscosity showed a stronger dependence on density. Mohanram et al.142;148
attributed the large increase of the uniaxial viscosity (two orders of magnitude) to crystal-
lization and the change of composition of the glass. LTCC containing a ﬁller had higher
uniaxial viscosities than glasses. Similar results were found for other materials.144;145;149;150
2.5.2.2 Viscous Poisson's ratio
Mohanram et al.147 developed a novel method to calculate the viscous Poisson's ratio. By
measuring the free shrinkage rate, ε˙freez , and constrained shrinkage rate, ε˙
cons.
z , of a ﬁlm,
viscous Poisson's ratio can be calculated as follows:
νp =
ε˙cons.z − ε˙freez
ε˙cons.z + ε˙
free
z
(2.38)
Several assumptions are made to derive the above equation: radial shrinkage of the
constrained specimen is zero through the thickness, the free shrinkage rate is not inﬂu-
enced by the constraining stress and the constraining stresses are constant through the
thickness. The viscous Poisson's ratio of a Pb-borosilicate glass system with alumina ﬁller
particles (DuPont 951GreenTapeTM) was found to be in good agreement with the models
of Venkatachari73 and Scherer.31 However, a change in microstructure is expected as the
ﬁlm cannot densify in the plane ( 2.4) and the measured viscous Poisson's ratio should
be anisotropic. As the results are ﬁtted by the models, the glass is believed to relax the
stresses such as the transient stresses do not inﬂuence the shrinkage behavior and hence
limited anisotropy is induced.
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2.5.3 Camber and constrained sintering
LTCC modules are co-ﬁred in one step. Constraints appear due to the mismatch in
sintering kinetics between the diﬀerent materials composing the LTCC module. Diﬀerent
cases can be distinguished: mismatch in sintering kinetics between (i) conductors and
LTCC substrates, (ii) diﬀerent LTCC materials and (iii) LTCC material and constraining
substrates. To achieve better geometrical tolerances and to reduce the defects present in
the ﬁnal compound, diﬀerent strategies are adopted.
2.5.3.1 Mismatch in sintering kinetics between conductors and LTCC sub-
strates
Silver, which is a common conductor in the LTCC technology, densiﬁes with boundary
diﬀusion control whereas the LTCC substrates sinter by viscous ﬂow. Thus, the densiﬁ-
cation temperature ranges of both materials are diﬀerent. It has been observed that the
silver layer stops densifying when the LTCC material begins to densify.119;120 Hence, dur-
ing sintering of a bi-layer, three steps can be distinguished: the sample cambers upward,
then becomes ﬂat and ﬁnally cambers downward (silver is printed on top of the LTCC
substrate). The ﬁrst step corresponds to metal densiﬁcation and the last step to LTCC
substrate densiﬁcation.
The conductor layer is much thinner than the LTCC layer and the Stoney equation
(eq. 2.34) was applied to predict the camber. The camber rate depends on three diﬀerent
factors: (i) geometrical factors with both thickness of the metal and ceramic layer - note
that the camber rate increases with decreasing the thickness of the ceramic layer and
increasing the thickness of the metal layer; (ii) viscous properties of the material such
as the uniaxial viscosity and the viscous Poisson's ratio; (iii) processing parameters: by
increasing the diﬀerential sintering rate between both materials, the camber rate increases.
It is interesting to notice that if the diﬀerence in densiﬁcation kinetics between metal and
ceramics is absent, no camber should develop.
Lu et al.118 found that the densiﬁcation kinetics of the LTCC constrained by the rigid
substrate are almost identical to the kinetics of the free material. It would mean that
the viscous Poisson's ratio should be close to 0.5 (i.e. should be incompressible). Lu
determined the stress developed in the LTCC layer by measuring the camber and found
that values ranged from 60 kPa to 6 MPa. The maximum stress observed occurred at the
faster densiﬁcation rate.151
Note that the camber may not only be due to the diﬀerent sintering kinetics of the
LTCC substrate and the paste conductor as the LTCC substrate itself can undergo non-
uniform dimensional behavior that leads to localized curvature152 as inhomogeneities in
density are common.153 Because of particle sedimentation it is reasonable to imagine that
the upper layer would consist of smaller particles. This upper layer will then shrink faster
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than the bottom layer. Curvature was also found to be diﬀerent whether the layer tape-
casted on the substrate is perpendicular or parallel to the casting direction: the particle
alignment and segregation lead to diﬀerences in shrinkage rate.
In order to match the sintering behavior of the silver ﬁlm and the LTCC material,
glass powder has been added to the silver paste.7;115 The addition of LTCC material
reduces the total shrinkage but shifts the densiﬁcation behavior to temperature closer
than the sintering temperature of the LTCC material. It was shown that it has a great
impact as the camber can be reduced by a factor 1.5 and 3 if 15 and 30 vol. % of
glass content were added.115 However the conductivity of the new silver paste is reduced,
and the crystallization kinetics of the LTCC substrate can be modiﬁed. In order to
reduce the shrinkage mismatch between the metal conductor and the ceramic matrix,
other solutions can be envisaged : optimization of ceramic particle size, softening point,
lamination parameters and ﬁring proﬁle.
2.5.3.2 Mismatch in sintering kinetics between LTCC materials
A new approach for the LTCC technology is to coﬁre two or more LTCC substrates
together (advanced LTCC ).
Chang et al.145 studied the sintering behavior of a GC/GCC bi-layer. Densiﬁcation
range of both materials was lying in the same temperature range: the tensile stress that
developed in both layers was found to be less than the sintering stress (few hundred kPa)
and no defects could be observed such as de-densiﬁcation, de-bonding or cracks.
2.5.3.3 Mismatch in sintering kinetics between LTCC material and constrain-
ing substrates
The constraining layer serves several functions: it provides a uniform high friction contact
layer and it provides an escape pathway for the volatile components of the ceramic tape
prior to sintering.154 To design constrained sintering, several parameters have to be taken
into account for the constraining layer, such as mechanical properties - it should be stiﬀ
enough to prevent buckling -, thermal properties - the layer should not shrink or expand
during the sintering cycle -, it should also remain porous - the glass phase should not
penetrate into the constraining layer in order to remove it more easily (the wetting angle
and the viscosity of the glass phase of the LTCC material are then critical parameters).154
Stress development during the constrained sintering of a sandwich structure of Alu-
mina / Glass / Alumina was studied. During sintering, glass inﬁltrates porous alumina
during constrained sintering.155 In order to remove easily the green tape after sintering,
this phenomenon is not desired. Addition of a small amount of alumina (∼ 5 wt%) into
the glass material eliminates this problem. The transient tensile stress was determined
using a ﬁnite element code and has been found to decrease from the interface between
the substrate and the shrinking layer to the middle of the shrinking layer. Pore density
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increased from the free edge to the center of the sample. Density was found to be also
dependent on the thickness of the glass layer. As the thickness of the shrinking material
decreased, densiﬁcation was hindered. However, calculation of the tensile stress with dif-
ferent thickness did not bring signiﬁcant change. A concave morphology was observed at
the free edges and was more pronounced as the glass layer was thicker.
Bang and Lu156 studied the sintering behavior of a borosilicate glass + silica system
(20 vol.%) on a rigid silicon substrate. Densiﬁcation rates were reduced in the constrained
ﬁlm. The authors compared experimental results with the prediction of diﬀerent models
(Skorokhod,94 Scherer31 and MacKenzie and Shuttleworth32) for Kp and Gp. None of
the models seemed to give a satisfactory ﬁt to the measured densiﬁcation proﬁles. It
was thought that it could be due to diﬀerences in microstructure between the free and
constrained ﬁlms.
Zero-shrinkage technology
The zero shrinkage technology has been developed in order to achieve better dimen-
sional control.20;154;157;158 Tolerances in the shrinkage of LTCC modules freely sintered can
reach up to ± 0.5%. Typically ± 0.2% for r and θ direction is achieved (ﬁgure 2.19). It
still causes problems for device mounting: over the length of a sheet of 200×200 mm2, this
variation results in a positional uncertainty of ± 40 µm. Three solutions can be envisaged
to reduce these tolerances:158 (i) the pressureless constrained sintering (PLCS); (ii) the
pressure assisted constrained sintering (PACS) and (iii) self-constraining laminates (ﬁg-
ure 2.19).20 For PLCS, only constraining layers prevent the in-plane shrinkage, whereas for
PACS, an additional load is applied to enhance the axial shrinkage. PACS achieves bet-
ter tolerances (± 0.05%) whereas in PLCS, the tolerances achieved are about ± 0.1%.158
Moreover, PACS allows a higher number of layers to be co-sintered and suppresses the con-
cave morphology observed at the edges if the PLCS technique is used. Self-constraining
laminates arise from the combination of LTCC tapes with separate ranges of sintering
temperature.19 The inner layer, LTCC 1, densiﬁes completely up to a temperature T1.
Subsequently, the two outer layers LTCC 2 start to densify. The advantage of this tech-
nique is that no sacriﬁcial layers are used and thus, a post processing step is avoided
compared to PLCS or PACS.
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Figure 2.19: Schematic illustrations for: a) diﬀerent densiﬁcation range for LTCC 1,
LTCC 2 and constraining layer and b) PLCS, PACS and self constraining laminate.

Chapter 3
Experimental methods
3.1 Material
The material studied is the commercial Ceramtape GC (CeramTec AG, Plochingen, Ger-
many). It consists of a calcium aluminosilicate glass with an alumina ceramic ﬁller. Pro-
portion of alumina particles is 43% by weight (= 35% by volume).143 The composition
of the glass has been determined by Inductively Coupled Plasma (ICP)∗ and is given in
table 3.1. Composition in the ternary diagram is indicated by a black point in ﬁgure 3.1.
Theoretical density of 2.92 g/cm3 is provided by the manufacturer.
Oxides SiO2 Al2O3 CaO B2O3
63.4% 9.7% 20.8% 6%
Table 3.1: Composition of the glass.
3.2 Sample preparation
Two kinds of samples are prepared: bulk samples and laminates.
3.2.1 Bulk samples
Material powder is obtained after burn-out of the commercial tapes at a temperature of
450C for 2 hours. Mean particle size is about 1 µm. Cylindrical specimens are uniaxially
dry pressed at 150 MPa for 20 s and then cold isostatically pressed at 700 MPa for 1.5
min. Obtained samples are free of defects and did not show any delamination, end caping
or ring caping. Green bodies have the following dimensions: 16.85 ± 0.05 mm in height
and 11.44 ± 0.03 mm in diameter, with a relative green density of 68.0 ± 0.2%. Density
of sintered samples is measured by the Archimedes method (ASTM C 20-92159).
∗measured by Martin Rauscher (Friedrich-Alexander University of Erlangen-Nuremberg)
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Figure 3.1: Ternary phase diagram SiO2-Al2O3-CaO. The composition of glass is indicated
by a black dot.
3.2.2 Laminates
Tape cast LTCC green sheets, provided by the manufacturer, are initially 284 µm thick
with a relative green density of 53%. Green sheets are alternatively laminated at 10 MPa
at 80C for 10 min (COLLIN press, Dr. Collin GmbH, Ebersberg, Germany) in a steel
die with a square section of 5×5 cm2. Considering A as the tape cast direction and B
as the perpendicular direction, laminates show the following sequence: A-B-A-B-A...B-
A. Laminates are cooled down to room temperature under load. Between the laminate
and the metal die, a mylar ﬁlm is used to prevent sticking of the ceramics on the metal.
After lamination and disregarding the binder present in the green body, the green relative
density is 59% (note that this relative green density is much lower than for bulk samples).
To laminate LTCC green sheets on dense and brittle substrates, additional LTCC
green sheets with a mylar ﬁlm are placed between the sample and the die such as these
sheets act as "cushions" and prevent cracking of the substrate. Samples are afterwards
cut to desired dimensions.
Burn-out of laminates is carried out at 450C for 2 hours. Burn-out of laminates
laminated with a dense substrate is more crucial than for laminates without any dense
substrate: the path for the binder removal is made diﬃcult as the constraining substrate
acts as physical barrier. The heating ramp is then reduced from 5C/min (for free-
standing laminates) to 1C/min (for laminates with a dense substrate).
3.3 Sinter-forging 45
 
furnace 
Laser radial 
Laser axial 
load cell 
motor 
pushrod 
sample 
alumina disc 
z 
q r 
Figure 3.2: Schematic of sinter-forging.
3.3 Sinter-forging
3.3.1 Continuous and discontinuous sinter-forging
Sinter forging is one of the more precise and reliable techniques to determine the sintering
parameters of bulk samples. Note that sinter-forging is not only used as a technique to
measure sintering parameters but it can also be used as a pressure-assisted densiﬁcation
technique to improve densiﬁcation.77
A load, F , is applied to a cylindrical dry pressed specimen (ﬁgure 3.2). Diameter and
height are measured simultaneously with two high-resolution laser scanners (±2 µm).160
Alumina discs are placed between the pushrods and the sample to allow the height mea-
surement. For free sintering, the force exerted by the alumina disc has been shown to
have an eﬀect on the sintering behavior. Hence, the procedure has been optimized by
drilling an annular hole into the alumina disc (represented by the dash lines in ﬁgure 3.2).
Radial and axial strains (εr and εz, respectively) are deﬁned as follows:
εr = ln
D(t)
D0
(3.1)
εz = ln
H(t)
H0
(3.2)
where D(t) and H(t) are the diameter and the height of the sample as a function of time
and D0 and H0 are the initial diameter and height, respectively. Knowing the green body
density, ρ0, the density as a function of time, ρ(t), can be determined:
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ρ(t) = ρ0 · exp [2 · εr(t) + εz(t)] (3.3)
Friction at the loaded ends of the specimen may inﬂuence the stress distribution and
results in a heterogeneous stress state and barreling. A true uniaxial stress state is diﬃcult
to achieve. To avoid this problem, the ratio of height to diameter of the sample used is
about 1.5 and boron nitride is used as a lubricant to reduce the friction and to prevent
the bonding between the two Al2O3 disks and the cylindrical sample. A boron nitride
thin ﬁlm is coated on one side of the Al2O3 disks by placing a drop of a mixture of boron
nitride powder and isopropanol.
The applied axial load, F , is kept constant during sintering. Since the cross-sectional
area of the specimen, A(= pi(D/2)2), changes with time, the axial stress σz is time-
dependent:
σz =
F
pi(D0/2)2
· exp [−2 · ε˙r(t)] (3.4)
Axial and radial strain rate are calculated by taking the derivative of the axial and
radial strains with respect to time. Rewriting eq. 2.10 in cylindrical coordinates for the
sinter-forging case (σr = σθ = 0), we obtain:
ε˙r = ε˙
free − ν
pσz
Ep
(3.5)
ε˙z = ε˙
free +
σz
Ep
(3.6)
Ep is determined by the inverse of the slope of the plot ε˙z vs. σz (eq. 3.6). Several
experiments are performed at constant loads for calculating the uniaxial viscosity.
Up to now, viscous Poisson's ratio has been calculated using its deﬁnition:74
νp =
ε˙free − ε˙r
ε˙z − ε˙free (3.7)
However, a second method has been derived. It is believed to be more robust as more
than two experiments (free and sinter-forged experiments) can be taken into account to
compute it. The overall driving force, p, during sinter-forging is:
p =
σz
3
+ Σ (3.8)
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Figure 3.3: Continuous and discontinuous sinter forging.
Note that the application of an external load acts as an additional driving force for
densiﬁcation.
The volumetric densiﬁcation rate is expected to vary as the ﬁrst power of the driving
force:73
ε˙v = 2 · ε˙r + ε˙z = 1
Kp
· p (3.9)
where ε˙v is the volumetric strain rate. From eq. 3.8 and eq. 3.9 we can deduce:
ε˙v = 3 · ε˙free + 1
Kp
σz
3
(3.10)
Similarly to the calculation of the uniaxial viscosity, the bulk viscosity is determined
by the inverse of the slope of the plot ε˙v vs.
σz
3
. Having previously measured the uniaxial
viscosity, the viscous Poisson's ratio is then calculated from the equation derived from
eq. 2.11:
νp =
3Kp − Ep
6Kp
(3.11)
Continuous and discontinuous sinter-forging
As we have seen previously, to compute the uniaxial viscosity and the viscous Poisson's
ratio as function of density, a load needs to be applied during densiﬁcation. Two methods
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Sintering
temperature
76% 80% 85% 90% 95% 97%
820C 10, 20,
40 N
10, 20,
40, 80 N
10, 20,
40, 80 N
20, 40,
80 N
20, 40,
80 N
20, 40,
80 N
840C 10, 20,
40 N
10, 20,
40 N
10, 20,
40 N
20, 40,
80 N
20, 40,
80 N
20, 40,
80 N
Table 3.2: CSF experiments carried out at 820C and 840C with diﬀerent loads.
to apply the load during sinter-forging are distinguished (ﬁgure 3.3):
 continuous sinter-forging (CSF)
 discontinuous sinter-forging (DSF)
For CSF, the load is applied from a deﬁned density and is maintained until the ﬁnal
density is reached. This method assumes implicitly that the load has no eﬀect on the
measured sintering parameters. For DSF, the load is either applied (i) for a small increase
of density or (ii) up to the ﬁnal density. However, for the second case, the sintering
parameters are only computed for a small increase of density. After the small increase of
density where the load is applied, anisotropy is believed to be introduced ( 2.4).
Sinter-forging experiments were performed at two isothermal temperatures of 820C
and 840C. The heating rate was 30C/min in order to limit the densiﬁcation before the
isothermal plateau is reached. The magnitude of the loads was ranging from 10 to 80 N
(≈ 0.1 to 0.8 MPa, respectively). The experiments are summarized in table 3.2.
3.3.2 Subsequent free sintering
At a deﬁned density, the load can be released (ﬁgure 3.3). Radial and axial strains are
recorded as a function of time. The ratio of axial to radial strains is compared to free
sintering experiments (when no previous load is applied). The diﬀerence indicates if
anisotropy is induced in the bulk sample and allows to adjust the density range for which
DSF may be performed.
3.3.3 Zero radial shrinkage
During densiﬁcation, the shrinkage in the r-θ plane of cylindrical samples (ﬁgure 3.2) can
be achieved by adjusting continuously the applied uniaxial stress. The applied uniaxial
stress is coupled with the measured radial strain. This mode is activated as soon as
the sample begins to shrink. Both radial and axial strains as well as the uniaxial load
maintaining the zero radial strain are recorded simultaneously. This experiment is similar
to constraining a ﬁlm on a rigid substrate. However, in this case, the applied stress is
compressive and thus enhances the densiﬁcation.
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Constraining
substrate
Symmetric/
Asymmetric
LTCC thickness Substrate thickness
Dense alumina Asymmetric 1 layer (245 µm) 624 µm
Green alumina tape Asymmetric 12 layers (2940 µm) 3 layers (735 µm)
Green alumina tape Symmetric 12 layers (2940 µm) 3 layers (735 µm)
Dense LTCC Asymmetric 8, 5, 3 layers (1960,
1225, 735 µm)
180-230 µm
Table 3.3: Experiments on constrained sintering.
3.4 Sintering of laminates
3.4.1 Free sintering
The densiﬁcation behavior of laminates freely sintered is measured in the sinter-forging
facility. Therefore, twelve layers are laminated together to ensure a minimal thickness
measurable by the laser scanner. Green laminate dimensions are: 30×10×3 mm3.
3.4.2 Constraining substrates
Three diﬀerent constraining substrates are used:
 ceramtape A (CeramTec AG, Plochingen, Germany)
 rubalit 708 S (CeramTec AG, Plochingen, Germany)
 dense LTCC
Ceramtape A is a green alumina tape and does not densify below 900C. The green
tape is 284 µm thick. Rubalit 708 S is a dense alumina substrate and is 624 µm thick.
As Cai et al.56 mentioned, alumina below 950C can be considered to be purely elastic.
Dense LTCC substrates (Ceramtape GC) are previously sintered at 840C for 2 hours
under a small load in order to remain perfectly ﬂat. Layer thicknesses are 180, 220 and
230 ± 3 µm. Experiments which are presented in the next 3 sections are summarized in
table 3.3.
3.4.3 Rocking arm
Measurement of the shrinkage behavior of constrained ﬁlms is challenging. Normal
dilatometry techniques are not able to measure properly the sintering behavior of ﬁlms
as the pushrods exert a non-negligible load on to the sample. Thus, few techniques have
been developed in order to measure the shrinkage behavior of ﬁlms. An optical technique
can be used: a silicon wafer is placed above the ﬁlm, and depending on its orientation
deviates a laser beam which allows to compute the ﬁlm thickness.110;156
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Figure 3.4: Schematic of the rocking arm.
A new method has been developed in the ceramics group at TU Darmstadt. One leg of
a beam rests on the substrate, whereas the other one rests on top of the ﬁlm (ﬁgure 3.4).
Owing to the speciﬁc geometry, negligible load is applied onto the surface (no eﬀect could
be observed with HR-SEM). The distance between the bottom alumina substrate and the
rocking arm is measured by a vertical laser scanner (resolution ± 0.5 µm). Film strains
are geometrically ampliﬁed by a factor of 10. Hence, the resolution of the measure of the
ﬁlm thickness is ± 50 nm.
Densiﬁcation behavior is measured for a single layer laminated on a dense alumina
substrate. Density during sintering of the constrained ﬁlm is calculated by setting εr = 0
in equation 3.3. The sintering temperature program is identical as before: the heating is
30C/min up to 840C.
3.4.4 Sintering of a symmetric laminate
To prevent camber, the LTCC layer is constrained on both sides (symmetric laminate).
Green alumina tapes are used as constraining substrates and oﬀer the advantage that
they can be easily removed after sintering. Densiﬁcation behavior is determined by mea-
suring the density by the Archimedes method159 for several samples sintered at 840C
for diﬀerent times.
3.4.5 Sintering of an asymmetric laminate
Camber is investigated for asymmetric laminates (bi-layers - ﬁgure 2.16) with two diﬀerent
constraining materials: dense LTCC substrates and green alumina tapes. With dense
LTCC substrates as constraining substrates, camber is investigated for 3 diﬀerent initial
thickness ratios: m = 3, 5 and 10 (eq. 2.33). With green alumina tapes as constraining
substrates, camber is investigated for an initial thickness ratio of 3. Investigated bi-layers
have a width and length of 4 mm and 27 mm, respectively.
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Figure 3.5: Schematic of the measurement of the camber.
A tube furnace with a transparent window is used (LK model tube furnace, HTM
Reetz, Berlin, Germany) (ﬁgure 3.5). During the experiment, one picture is taken every
15 s (Canon - EOS 350D, Tele-converter 2X Soligor C/D7, 70-300 mm 1:4-5.6 APO -
SIGMA). The obtained picture size is 3456×2304 pixel2 and the resolution is 10 µm/pixel.
Camber is then measured by ﬁtting a circle on the contour of the bi-layer (National
Institute of Health, Bethesda, Maryland - "contact angle" plug-in).
3.5 X-ray diﬀraction
X-ray diﬀraction is based on Bragg's law: when a monochromatic X-ray beam with wave-
length λ is projected onto a crystalline material at an angle θ, diﬀraction occurs only when
the distance traveled by the rays reﬂected from successive planes diﬀers by a complete
number n of wavelengths (constructive interference). The condition is expressed by:
nλ = 2d · sinθ (3.12)
where λ is the wavelength of X-rays, d is the spacing between the planes in the atomic
lattice, θ is the angle between the incident ray and the scattering planes and n is an
integer. By varying the angle θ, the Bragg's Law conditions are satisﬁed by diﬀerent
d-spacings in polycrystalline materials. Plotting the angular positions and intensities of
the resultant diﬀracted peaks of radiation produces a pattern, which is characteristic of
the crystal.
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To detect the presence of crystalline phases, X-ray diﬀraction is carried out on milled
samples previously sintered at 840C for diﬀerent times and loads.
3.6 SEM and microstructure characterization
3.6.1 Polishing
Microstructure observation is performed on polished samples. Bulk samples are cut in
the longitudinal plane parallel to the loading direction (plane r-z in ﬁgure 3.2), whereas
laminates are cut in the plane along the thickness (plane r-z in ﬁgure 2.16). Samples are
cold mounted in a resin (Buehler Epoplast). After curing the epoxy for 24 h in air at
room temperature, the cross-sections are ground and polishing is ﬁrstly performed with
SiC papers with grits from 320 to 1200 with water as lubricant; secondly with pastes of
6, 3, 1 and 0.25 µm diamond particles.
3.6.2 SEM
Micrographs are taken with a high-resolution scanning electron microscope (HRSEM,
Model No. XL 30 FEG, Philips Electronic Instruments, Mahwah, NJ). As samples are
electrically non-conductive, an ultra thin coating of gold/palladium is deposited by a
sputter coater with a current of 40 mA for 40 s (Sputter Coater SCD050, Balzers).
3.6.3 Image characterization
Obtained SEM micrographs are analyzed quantitatively with the software Image J (Na-
tional Institute of Health, Bethesda, Maryland). After contrast enhancement, images are
ﬁltered and then binarized (ﬁgure 3.6). Pore and particle orientations are determined by
assimilating them to ellipses of equivalent area (ﬁgure 3.6). Note that pores or particles
at the image borders are not ﬁtted. Each pore / particle is characterized by its major
axis, minor axis (a and b, respectively) and its orientation, θ (ﬁgure 3.7). The aspect
ratio, R, is deﬁned by:
R =
a
b
(3.13)
To further characterize the microstructure, a few parameters are introduced:
 average pore / particle area
 proportion of elongated pores
 pore / particle orientation factor
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Figure 3.6: SEM micrographs, example of pore analysis: a) no image processing, b) pores
are ﬁlled in black and c) pores are assimilated to ellipses.
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Figure 3.7: Pore / particle assimilated to an ellipse.
At least 300 pores and 400 particles for each sample are taken into account for quan-
titative analysis.
Note that the pore / particle area measured in 2D is smaller than the actual pore /
particle size in 3D.
Pore shape is considered and the proportion of elongated pores, χ, is deﬁned as:
χ =
nelong
ntot
(3.14)
where nelong is the number of pores which have an aspect ratio higher than 2.5 and ntot
is the total number of pores.
To quantify anisotropy, the following pore / particle orientation factor, kp, is deﬁned
as:
kp =
Lhoriz
Lvert
(3.15)
where Lhoriz is the cumulative length of pores / particles with an orientation lying between
0° and 30° and 150° and 180° and Lvert is the cumulative length of pores / particles with
an orientation lying between 60° and 120° (0° corresponds to the r axis). The error bar is
determined by the standard deviation of the data of the diﬀerent pictures.
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3.7 Mercury porosimetry
Pore size distribution is also measured by a mercury porosimeter (Pore Sizer 9320, Mi-
cromeritics, Norcross, GA) - ASTM D 4284161. The technique is based on capillary rise:
a non wetting liquid (mercury) is forced to ﬂow into the capillary. The pressure is a direct
measure of the capillary radius by applying the equation of Young and Laplace:
p =
−2γLV cos θ
r
(3.16)
where p is the pressure, γLV is the surface tension of the liquid-vapor interface, θ the
contact angle between the liquid and the solid and r is the radius of the capillary. The
following values are taken: γLV = 0.485 N/m and θ = 130°.
The sample is placed in a penetrometer (sample holder). The penetrometer is ﬁrstly
evacuated and then ﬁlled with mercury. Afterwards, a pressure is gradually applied and
the volume of mercury intruded into the sample is recorded. Pore sizes in the range of
∼ 5 nm to 200 µm can be measured. Two limitations for this measurement can be
noticed: (i) only samples with open porosity (< 92% of relative density) can be measured
and (ii) pores are assumed to be circular in cross section. In reality, pore shape is more like
ink-bottle-shaped; hence, eq. 3.16 gives a measure of the neck size and not of the actual
pore size. Pore size distribution for laminates as well as bulk samples was measured for a
density range from 70% to 90% of relative density.
3.8 Resonance frequency
Young's modulus is measured with a testing set-up RFDA-HT1750 (IMCE, Diepenbeek,
Belgium - ASTM C 1259162). Samples with a rectangular shape are tested (ﬁgure 3.8).
At room temperature, samples are supported by threads at the nodes. Nodes are located
at 0.224×L from each end (ﬁgure 3.8). A mechanical impulse is given to the sample. The
specimen vibration is recorded by a microphone which is placed above an anti-node of the
vibration mode (at the extremities or in the middle of the sample). The signal is further
analyzed by applying a Fast Fourier Transformation.
Elastic modulus is calculated from the fundamental resonance frequency in the ﬂexural
mode, f :
E =
0.94645Cmf 2L3
wt3
(3.17)
where m is the weight, L the length, w the width, t the thickness and C is a shape factor
depending on geometry factors and Poisson's ratio:
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Figure 3.8: Schematic of the ﬂexural vibration mode of rectangular bars.
C =

1 + 6.585 (1 + 0.0752 · ν + 0.8109 · ν2) (t/L)2−
100.083 (1− 0.2023 · ν + 2.173 · ν2) (t/L)4
12 + 76.06 (1− 0.14081 · ν + 1.536 · ν2) (t/L)2 − 0.86806 (t/L)
4
 (3.18)
At room temperature, measurement of the Young's modulus is performed on LTCC
bulk samples at various relative densities (from 68% to 100%). Samples are cut longitu-
dinally along the length of a bulk specimen. Sample size is about 2×8×18 mm3.
The temperature dependence of Young's modulus is also measured for a fully sintered
LTCC sample. The sample is placed in a furnace and is held by platine wires. The sample
is cut from a laminate with a size of 2.5×12×30 mm3.
Young's modulus of the green laminate is also measured during a heating ramp of 20C
starting from 600C with a temperature plateau of 840C. Twelve layers are laminated
together and cut to the following dimensions: 3×12×35 mm3. Burn-out of the binder
and measurement is done during the same heating cycle. The data of interest are in the
temperature range where the LTCC sinters, i.e. at temperatures higher than 700C. At
lower temperatures, Young's modulus is tricky to compute as the weight of the sample
varies as function of temperature.
Chapter 4
Results
4.1 Free sintering
4.1.1 Bulk sample
Shrinkage behavior of freely sintered bulk samples is measured in the sinter-forging facility.
Both axial and radial strains are computed as function of time (eq. 3.1 and eq. 3.2).
Sintering begins during the heating ramp at a temperature of 780C. A density of about
74.0% is measured at the beginning of the isothermal plateau. As can be seen in ﬁgure 4.1,
bulk samples show a slightly anisotropic free sintering behavior: the diﬀerence between
the axial and radial strains varies from +1.0% to -1.0% for a density range from 72% to
100%. The axial strain rate is initially lower than the radial strain rate but overtakes the
radial strain rate at a relative density of about 74%. Axial strains become lower than
radial strains at a relative density of about 91%.
4.1.2 Laminate
Shrinkage behavior of freely sintered laminates is also measured in the sinter-forging facil-
ity. Laminates begin to shrink at lower temperatures (about 730C) than bulk samples
(about 780C). Anisotropy is more pronounced for laminates than for bulk samples: the
diﬀerence between the axial and radial strains varies from +1.3% to -2.2% for a density
range from 67% to 100% (ﬁgure 4.1). The axial strain rate is initially lower than the
radial strain rate but overtakes the radial strain rate at a relative density of about 68%.
Axial strains become lower than radial strains at a relative density of about 84%. No
anisotropic shrinkage behavior in the plane of the laminate is expected as the sheets are
alternatively laminated.
Density for both sample types is calculated at any time using eq. 3.3. Densiﬁcation
behavior of bulk samples and laminates is compared in ﬁgure 4.2. Laminates sinter slower
57
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Figure 4.1: Axial and radial strains for a laminate and a bulk sample sintered at 840C.
than bulk samples. Starting from a relative density of 70%, the time required to obtain
full density is approximately the double for laminates than for bulk samples.
Pore size distribution was measured for laminates and bulk samples by mercury
porosimetry (ﬁgure 4.3). Pores are larger in size for laminates than for bulk samples.
During densiﬁcation (from 70% to 90% of relative density), pore size remains constant for
bulk samples but slightly decreases for laminates (ﬁgure 4.4).
4.1.3 XRD
Crystallization is not desired because of two reasons: (i) it can impede densiﬁcation of the
glass and (ii) aﬀect the sintering parameters. Our goal is to study the sintering behavior
over the largest range of density and to limit the variables under consideration. Indeed,
if crystallization occurs, glass crystallizes mainly in anorthite.143 Considering the ternary
phase diagram in ﬁgure 3.1, the glass composition diﬀers from anorthite: it is poorer
in alumina. It implies that crystallization dissolves the alumina particles. Hence, the
composition of the glass changes as densiﬁcation /crystallization proceeds.
To detect the presence of crystalline phases, XRD has been used. Figure 4.5 displays
the obtained XRD pattern for a milled bulk sample previously sintered at 840C for 2
hours. The obtained samples are dense (ﬁgure 4.2). A single crystalline phase is recogniz-
able: alumina (corundum), the ﬁller present in the glass matrix. The amorphous phase
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Figure 4.2: Densiﬁcation behavior of bulk sample and laminate at 840C.
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Figure 4.3: Pore size distribution of bulk sample and laminate at 90% of relative density.
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Figure 4.4: Median pore size as function of relative density for bulk samples and laminates
freely sintered.
is detected indirectly via a broad and diﬀuse peak between 8 and 15°. Load application
(from 10 to 80 N) and diﬀerent sintering times did not inﬂuence crystallization.
4.2 Sinter-forging
4.2.1 Determination of the sintering parameters
In this section, the sintering parameters (Ep, νp and ε˙free) are measured as function of
density. Particular attention is paid on the eﬀect of loading on the uniaxial viscosity
during the measurement. Density range for which the load is applied (CSF and DSF) and
magnitude of the loads are investigated.
4.2.1.1 Free strain rate
Free strain rate is the ﬁrst sintering parameter and is shown in ﬁgure 4.6 as function
of relative density for two isothermal temperatures of 820C and 840C. Compared to
the two other sintering parameters (uniaxial viscosity and viscous Poisson's ratio), no
load needs to be applied to compute the free strain rate. Free strain rate decreases as
densiﬁcation proceeds and tends to zero as density tends to 100%. For the same density,
free strain rates are higher at 840C than at 820C because densiﬁcation is thermally
activated.
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Figure 4.5: X-ray diﬀraction pattern on a milled bulk sample previously sintered at 840C
for 2 hours.
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Figure 4.6: Free strain rate as function of relative density for bulk samples freely sintered
at 820C and 840C.
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Figure 4.7: Densiﬁcation rate as function of the inverse of temperature for relative densi-
ties of 76%, 80% and 90% for bulk samples freely sintered.
Activation energy
To determine the temperature dependence for densiﬁcation, the activation energy has
been determined considering the Arrhenius equation:
ρ˙free = ρ˙free0 exp
(
Q
RT
)
(4.1)
where ρ˙free0 is the pre-exponential factor, Q the activation energy and R the gas constant.
Three experiments on bulk samples are conducted at the isothermal temperatures of
800C, 820C and 840C. According to eq. 4.1, the activation energy is determined by
the slope of the plot ln(ρ˙free) vs. (1/RT ) at a given relative density. Figure 4.7 represents
this plot for the relative densities of 76%, 80% and 90%. The activation energy remains
approximatively constant during sintering: 611 ± 12 kJ/mol. Considering eq. 2.10 and
since the viscous Poisson's ratio does not depend on temperature, uniaxial viscosity has
the same activation energy as densiﬁcation.
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Figure 4.8: Axial strain curves: loads of 10, 20, 40, and 80 N are applied from 85% of
relative density at 840C.
4.2.1.2 Uniaxial viscosity
CSF and DSF
In a ﬁrst step, CSF is performed from diﬀerent relative densities (76%, 80%, 85%,
90%, 95% and 97%) with diﬀerent loads (10, 20, 40 and 80 N ≈ 0.1, 0.2, 0.4 and 0.8 MPa,
respectively) at 840C. It is worth noticing that sample barreling is insigniﬁcant because
of the use of low applied loads and the viscous nature of the material tested.
In ﬁgure 4.8, the axial strains for diﬀerent CSF experiments starting from 85% of
relative density (t = 0) are presented. As the load is applied, the axial strain increases
(ﬁgure 4.8). The load promotes shrinkage in the axial direction and hinders shrinkage in
the radial direction. In order to calculate the uniaxial viscosity, the sintering strain rates
are obtained by ﬁtting exponential functions to the curves shown in ﬁgure 4.8 and their
time derivative is taken. The strain rates in the axial direction are found to vary linearly
with the applied load at a given density. It is in good agreement with eq. 3.6. First, CSF
curves are used to compute the uniaxial viscosity (ﬁgure 4.9). The purpose is to evaluate
the density range after load application for which the load has no inﬂuence on the sintering
uniaxial viscosity. Curves do not overlap, which means that the choice of 5% density data
range of validity of the constitutive equations is too broad. It even seems to lie below
2%. For example, the uniaxial viscosity for a relative density of 86% calculated from the
sinter-forging experiment where the load is applied at a relative density of 85% is higher
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Figure 4.9: Uniaxial viscosity, Ep, as function of relative density for continuous sinter-
forging experiments from 75%, 80%, 85%, 90%, 95%, and 97% of relative density at
840C.
than the uniaxial viscosity at 90% calculated from the sinter-forging experiment where
the load is applied at 90%. This result is ambiguous, as we expect the uniaxial viscosity to
increase continuously with density (ﬁgure 2.11). The data in ﬁgure 4.9 therefore suggest
that diﬀerent degrees of anisotropy are induced in the diﬀerent specimens.
To rationalize these results, the diﬀerent axial strain rates for free and sinter-forging
experiments with a load of 40 N are plotted in ﬁgure 4.10. The uniaxial viscosity is
directly calculated from these data using eq. 3.6. As soon as the load is applied, the axial
strain rate overtakes the free strain rate. The rate then decreases to a threshold value
with increasing time of load application. The axial strain rate during a sinter-forging
experiment then does not seem to depend on the starting density for which the load
is applied. This eﬀect is smaller but occurs faster for high densities. At this point, we
assume that anisotropy occurs shortly after applying the load and that a maximum degree
of anisotropy is reached. For Ep, this trend is less clear, as the uniaxial viscosity curves
obtained for CSF experiments show a similar trend but do not clearly overlap.
At this stage, the most accurate data for the uniaxial viscosity are the ﬁrst data
points of each CSF curve, i.e. where the uniaxial load is believed not to induce anisotropy
and hence does not inﬂuence the sintering parameters. The obtained curve is plotted in
ﬁgure 4.11 (DSF). Results will be further validated.
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Figure 4.10: Axial strain rate, ε˙z , as function of relative density at constant load of 40
N for continuous sinter-forging experiment from 75%, 80%, 85%, 90%, 95%, and 97% of
relative density at 840C.
Magnitude of the load
To prevent the sintering material from developing anisotropy, another solution has
been envisaged: to apply smaller loads and investigate its eﬀect on the sintering param-
eters. CSF with small static loads of 1 and 2 N (≈ 10 and 20 kPa) are performed. In
these cases, weights are used and thus loads are applied during the entire ﬁring cycle.
Figure 4.11 represents the uniaxial viscosity calculated from two CSF experiments. With
a small compressive stress of 1 N, the discontinuous and the continuous curves overlap
until 90% of relative density. After 90%, the uniaxial viscosity values obtained from CSF
experiments are lower. This phenomenon can be explained by the fact that, as the uni-
axial viscosity increases, a load of 1 N is not large enough to induce a clear change in the
axial strain rate compared with the free sintering case (eq. 3.6). This leads to a decrease
of accuracy for the measured data. With a load of 2 N, the agreement is acceptable only
below 82% of relative density. At higher densities, obtained values are higher than the
uniaxial viscosity determined by DSF. At 97% of relative density, uniaxial viscosity is,
however, smaller (10 GPa.s) than the one determined by CSF with large loads (∼ 15 -
25 GPa.s) - ﬁgure 4.9.
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Figure 4.11: Uniaxial viscosity, Ep, as function of relative density for discontinuous sinter-
forging experiment and for continuous sinter forging with load of 1 and 2 N at 840C.
Validation of the results obtained
In order to validate the DSF results, we propose to compare free sintering experiments
and subsequent free sintering for four diﬀerent samples sintered at 840C up to 90% of
relative density (ﬁgure 4.12):
1. Freely sintered sample until 90% of relative density-A1
2. Sinter-forged sample for which a load of 40 N is applied between 89.5% and 90% of
relative density-A2
3. Sinter-forged sample for which a load of 40 N is applied between 85% and 90% of
relative density-A3
4. Sinter-forged sample for which a load of 40 N is applied between 75% and 90% of
relative density-A4.
When both curves overlap, it means that the load, previously applied for a sinter-
forging experiment, does not inﬂuence the sintering behavior and thus does not induce
any anisotropy in the microstructure.
Directly after the load is removed, the sample expands in the axial direction and
shrinks in the radial one (ﬁgure 4.13). We refer to this as "recovery eﬀect". Note that
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Figure 4.12: Freely sintered sample until 90% of relative density-A1, sinter-forged sample
for which a load of 40 N is applied between 89.5% and 90% of relative density-A2, sinter-
forged sample for which a load of 40 N is applied between 85% and 90% of relative
density-A3, sinter-forged sample for which a load of 40 N is applied between 75% and
90% of relative density-A4.
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Figure 4.13: Subsequent axial and radial strains after applying a load of 40 N between
75% and 90% of relative density-A4.
this eﬀect is not measurable in a standard loading dilatometer since the pushrod has to be
in contact with the sample in order to measure the axial strains. The axial expansion as
deﬁned in ﬁgure 4.13 is 0.1, 0.25 and 0.39% for the samples A2, A3 and A4, respectively.
After a short time (recovery time - ﬁgure 4.13), the sample shrinks again in the axial
direction. Axial strains are then plotted in ﬁgure 4.14. If a load of 40 N is applied for a
density increment of 0.5% (from 89.5% to 90% of relative density), the subsequent free
sintering matches well with the free sintering experiment. This experiment validates each
ﬁrst data point of each sinter-forging experiment starting from diﬀerent densities: the
ﬁrst data point is computed after load application for a 0.5% density increment (due to
stabilization of the load). For both sinter-forging experiments, where the same load as
before (40 N) is applied from 85% to 90% and from 75% to 90% of relative density, the
subsequent axial strain has lower values than the free sintering experiments. Both curves
of these two former sinter-forging experiments coincide, which suggests that anisotropy
does not develop further if the load is applied for a larger density range. Therefore, we
can conclude that a maximum of anisotropy is reached. This will be further conﬁrmed by
microstructural analysis in  4.2.1.4.
Thus, only the ﬁrst data points of each sinter-forging experiment are plotted in ﬁg-
ure 4.15 (i.e. it corresponds to DSF with a validity range of 0.5% relative density). These
new results conform with our expectations: the true uniaxial viscosity increases with
density. This increase is even more remarkable as the density approaches 100%.
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Figure 4.14: Axial strain, εz, as function of time from 90% of relative density on: for a
freely sintered sample (A1), sinter-forged samples with a load of 40 N applied: between
89.5% and 90% (A2), between 85% and 90%(A3), and between 75% and 90% of relative
density (A4).
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Figure 4.15: Uniaxial viscosity, Ep, as function of relative density from discontinuous
sinter-forging experiments - isothermal temperature proﬁle at 820C and 840C.
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Figure 4.16: Viscous Poisson's ratio, νp, as function of relative density from discontinuous
sinter-forging experiments - isothermal temperature proﬁle at 820C and 840C.
Same procedure is used to determine the uniaxial viscosity at 820C (ﬁgure 4.15).
Both curves present the same trend and uniaxial viscosity at 840C is lower than at
820C, as expected for thermally activated properties.
Error bars increase as uniaxial viscosity increases as the uncertainty of the strain rate
is larger at higher densities (strain rates are smaller).
4.2.1.3 Viscous Poisson's ratio
Bulk modulus is ﬁrst computed (eq. 3.10) in order to calculate the viscous Poisson's
ratio. As before, only the ﬁrst data points of each CSF curves are computed in ﬁgure 4.16.
Trend and values are in good agreement for both temperature proﬁles. Viscous Poisson's
ratio decreases from about 0.25 to about 0.10 at low densities, remains constant up to
85% of relative density and further increases with density to reach values larger than 0.5.
4.2.1.4 Microstructure investigation
To correlate the microstructure and the eﬀect of the load on the sintering parameters,
microstructural characterization is performed on the samples A1, A3 and A4 sintered at
840C. For the sample A2, since the load is applied only for a small increase of density,
if the sample is cooled down under the load, the microstructure will be strongly aﬀected
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Figure 4.17: SEM micrographs of freely sintered sample until 90% of relative density (A1),
sinter-forged samples with a load of 40 N applied: from 85% to 90% (A3) and from 75%
to 90% (A4).
72 CHAPTER 4. RESULTS
Figure 4.18: Pore and particle orientation of freely sintered sample until 90% of relative
density (A1), sinter-forged samples with a load of 40 N applied: from 85% to 90% (A3)
and from 75% to 90% (A4).
compared to the one before removal of the load (densiﬁcation further takes place after
shutting oﬀ the furnace). Thus, no microstructural characterization is performed on
the sample A2. Micrographs are taken in the longitudinal plane parallel to the loading
direction (ﬁgure 4.17). First, pore characteristics are considered in order to highlight the
diﬀerences between the samples. Median pore area does not seem to be greatly aﬀected
by the sinter-forging conditions: 0.27, 0.29, and 0.24 µm2 for A1, A3, and A4 samples,
respectively. The shape of the pores is also considered and the proportion of elongated
pores, λ, is 19%, 24%, and 26% for A1, A3, and A4 samples, respectively (eq. 3.14). This
shows that highly anisometric pores exist after free sintering and that their proportion
slightly increases as the load is applied for a larger density increment. Pore orientation
is evaluated by cumulating pore length lying in a deﬁned angle range. The calculation is
restricted to pores that have an aspect ratio larger than 1.25, i.e. which show a suﬃcient
degree of anisometry to determine a real orientation. The lengths are then normalized by
the maximum value obtained for the specimen. Figure 4.18 shows for both sinter-forged
samples a clear horizontal orientation of the pores, i.e. perpendicular to the load, whereas
for the freely sintered sample, pores seem also to be oriented along the same direction,
but to a smaller extent. The pore orientation factor (eq. 3.15) values for the samples A1,
A3, and A4 are 2.3, 3.9, and 3.7, respectively (ﬁgure 4.19). For an isotropic material,
kp should be equal to 1. Similar results for both sinter-forged samples are obtained:
anisotropy seems to develop asymptotically, so that the microstructure does not evolve
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Figure 4.19: Pore and particle orientation factor kp as function of the density range of
load application.
further whatever the time of load application may be.
Orientation of alumina particles is also monitored. The same experimental procedure
used to determine pore orientation is followed, using the same SEM micrographs (ﬁg-
ure 4.17). The mean aspect ratio of alumina particles is found to be about 1.5: a particle
orientation then can be deﬁned. Results are presented in ﬁgure 4.18 and show similar
results as the pore characteristics. For both sinter-forged samples, particle orientation
is more pronounced than for the freely sintered sample. For the freely sintered sample,
the particle orientation factor kp is equal to 3.6 whereas it is 4.8 and 4.9 for sinter-forged
specimens A3 and A4, respectively. If the particle orientation factor is plotted as function
of density range for which the load is applied (ﬁgure 4.19), it can be clearly seen that pore
and particle orientation follow the same trend. Moreover, the particle orientation factor
is always higher than the pore orientation factor, which may signify that anisotropy is
controlled by the orientation of the alumina particles.
4.2.2 Elastic properties of the LTCC material during sintering
In order to verify whether the sintering body can be considered as purely viscous during
sintering, Young's modulus has to be determined. The density dependence of Young's
modulus is ﬁrst measured and is shown in ﬁgure 4.20. Between 76% and 100% of relative
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Figure 4.20: Young's modulus as function density (measured at RT).
density, Young's modulus increases linearly with density and varies from 23 GPa to 124
GPa.
E = E ′(ρ) = −242.37 · 109 + 364.68 · 109ρ (4.2)
Young's modulus for a fully sintered laminate has been measured as function of tem-
perature (ﬁgure 4.21). Up to about 600C, Young's modulus decreases linearly with
temperature. Between 650C and 750C, there is an abrupt change of the tangent of
the curve caused by the glass transition (∼ 720C). At higher temperatures, the inten-
sity peak of the resonance frequency decreased rapidly which explains the scatter of the
results. The curve is ﬁtted by a polynomial function of the 6th order:
E = E ′′(T ) (4.3)
To determine Young's modulus of the porous body during sintering, it is assumed that
the temperature dependence does not depend on density. Hence, we obtain:
E(ρ, T ) =
E ′(ρ)E ′′(T )
E0
(4.4)
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Figure 4.21: Young's modulus as function of temperature for a fully sintered laminate.
with E0 = E(100%, 22C)
Figure 4.22 provides Young's modulus as function of relative density at 840C as well
as the uniaxial viscosity. Young's modulus increases as relative density increases. At
76% of relative density, Young's modulus is 33 GPa whereas it reaches 71 GPa at 97% of
relative density.
Relaxation time (eq. 2.8) is plotted in ﬁgure 4.23 for both temperatures of 820C and
840C. Relaxation time increases as density increases: as density increases, the uniaxial
viscosity increase is stronger than the Young's modulus increase. Relaxation time is larger
at lower temperatures: as the temperature decreases, the uniaxial viscosity decrease is
stronger than the Young's modulus increase. However, relaxation time remains very low:
under 0.1 s and 0.2 s for bulk samples sintered at 840C and 820C, respectively. Thus,
the elastic behavior is negligible compared to the viscous behavior of the material.
4.2.3 Zero radial shrinkage
In ﬁgure 4.24, radial and axial shrinkage are plotted as function of loading time. Radial
strain is maintained to 0 ± 0.15%. Compared to free sintering, axial strains are much
larger in absolute value since densiﬁcation takes place only in the axial direction. The
applied uniaxial compressive load is recorded and plotted as function of density in ﬁg-
ure 4.25. At low densities, the compressive load increases up to about 91% of relative
density and further decreases to zero as relative density approaches 100%. By setting
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Figure 4.22: Young's modulus and uniaxial viscosity as function of relative density at
840C.
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Figure 4.23: Relaxation time, τ , at 820C and 840C.
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Figure 4.24: Radial and axial strain as function of time for zero radial shrinkage experi-
ment.
ε˙r = 0 in eq. 3.5, the uniaxial compressive stress needed to obtain zero radial shrinkage
is:
σz =
ε˙freeEp
νp
(4.5)
Knowing the sintering parameters previously measured, the predicted stress is plot-
ted as function of density. Up to 80% of relative density, model and experiment agree
quite well but at higher densities, predicted stresses are lower than the one measured
(ﬁgure 4.25). The highest predicted compressive stress (0.6 MPa) is obtained at 80% of
relative density and is almost three times lower than the highest measured compressive
stress. During this experiment, a large degree of anisotropy may be induced and hence
modify the sintering parameters.
In order to show that anisotropy is induced, the radial to axial strain rate ratio is
plotted for subsequent free sintering experiments starting from 80%, 85%, 90% and 95%
of relative density. As can be seen in ﬁgure 4.26, the ratio is larger than 1 for every ex-
periment, i.e. radial strain rate is higher than axial strain rate. Anisotropy is not directly
plotted after the load is removed (t = 0) because of the presence of the "recovery eﬀect"
( 4.2.1.2). The axial expansion is 0.1%, 0.25%, 0.5% and 0.65% for subsequent free sin-
tering experiments starting from 80%, 85%, 90% and 95% of relative density, respectively.
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Figure 4.25: Uniaxial compressive stress needed to produce zero radial shrinkage experi-
mentally measured and calculated.
The radial to axial strain rate ratio decreases rapidly after removing the load until reach-
ing a plateau value. When the load is applied for a longer density range, the ratio of the
anisotropy in the free strain rates decreases more slowly. The maximum increases with the
density range where the load is applied. It indicates that the bulk sample becomes more
anisotropic as the stress is applied for a longer time. This experiment is diﬀerent from
experiments A3 and A4 for which a maximum of anisotropy was found to be reached. For
the samples A3 and A4, properties were compared at the same density and the magnitude
of the load previously applied was identical for both experiments. This is not the case for
the zero radial shrinkage experiment.
4.3 Sintering behavior of laminates
In this section, sintering behavior of symmetric and asymmetric laminates is studied.
Three new models are derived to simulate the stress built into the LTCC layer for three
diﬀerent cases:
 asymmetric laminate: elastic substrate / LTCC material
 symmetric laminate: elastic substrate / LTCC material / elastic substrate
 symmetric laminate: viscous substrate / LTCC material / viscous substrate
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Figure 4.26: Radial to axial strain rate ratio for subsequent free sintering after zero radial
shrinkage from 80%, 85%, 90% and 95% of relative density.
Models for the case "asymmetric laminate: viscous substrate / LTCC material" have
been already developed by Cai107;117 and Kanters102 and have been presented in  2.3.5.2.
Material parameters
In order to simulate the stress built into the LTCC for the diﬀerent cases, viscous and
elastic input data are needed. The Young's modulus of both types of constraining layers
(dense alumina substrate and green alumina tape) has to be known as function of the
heating program. For both materials, a constant Poisson's ratio of 0.26 is assumed.163
Young's modulus of the green alumina tape increases with temperature and holding
time (ﬁgure 4.27). At these temperatures, surface diﬀusion occurs on the alumina particles
and consolidates necks between them. From 700C to 840C (in the temperature range
where the LTCC material densiﬁes), the Young's modulus increases from 7.6 GPa to
12.7 GPa.
The Young's modulus of the dense alumina substrate at room temperature is given by
the manufacturer: 340 GPa. The temperature dependence is expected to be similar to
the one measured on the green alumina tape when no diﬀusion is occurring, i.e. during
cooling (not represented in ﬁgure 4.27). The Young's modulus varies then from 340 GPa
at room temperature to 303 GPa at 840C.
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Figure 4.27: Young's modulus of the green alumina tape as function of temperature and
as function of time at 840C.
For the LTCC material, sintering parameters at low and high densities have to be
known. Uniaxial viscosities obtained by DSF between 76% and 97% of relative density
are ﬁtted by an exponential growth function:
Ep = A+B · exp(ρ/C) (4.6)
with A = 6.462 · 107, B = 3.386 · 101 and C = 5.153 · 10−2. Uniaxial viscosities at low
(< 76%) and high densities (> 97%) are extrapolated. As the laminates start to sinter
below 840C, uniaxial viscosity is determined along the heating ramp using the activation
energy deﬁned in eq. 4.1. Between 65 and 76% of relative density, values for the viscous
Poisson's ratio are arbitrarly taken to be constant (νp = 0.17). Between 76 and 97% of
relative density, viscous Poisson's ratio is ﬁtted by a polynomial function of the 2nd order.
Free strain rate is measured on laminates along the heating schedule. Free strain rate is
further ﬁtted by a polynomial function of 9th order.
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4.3.1 Sintering of an asymmetric laminate
4.3.1.1 LTCC layer on a viscous substrate
The camber of a bi-layer with an initial thickness ratio m of 10 is shown in ﬁgure 4.28.
The shrinking LTCC material is on top. As the top layer wants to shrink and the dense
LTCC material does not, a tensile stress in the shrinking layer near the interface will arise
and lead to the camber of the sample. In ﬁgure 4.29, the camber experimentally measured
for diﬀerent starting thickness ratio is plotted as function of time. Camber depends to
a great extent on the starting thickness ratio m, which decreases with time as only the
thickness of the shrinking layer h1 decreases (ﬁgure 2.16). A larger m leads to larger
camber, as the shrinking layer exerts a higher force to bend the substrate. Bi-layers start
to camber during the heating ramp. As the initial thickness ratio m decreases, samples
start to camber at higher temperatures: at 793C, 820C and 840C for an initial m of
10, 5 and 3, respectively. The camber increases up to a maximum and slightly decreases
after 1000 seconds at 840C. The maximal camber is 22, 8 and 2 m−1 for an initial m of
10, 5 and 3, respectively. In ﬁgure 4.28 a) the camber is 9 m−1 and b) 22 m−1.
Microstructure investigation
SEM micrographs are taken at 3 diﬀerent positions along the thickness of the shrinking
LTCC material for the bi-layer with an initial thickness ratio m of 10 sintered at 840C
for 1 hour (position a, b and c in ﬁgure 2.16). As can be seen in ﬁgure 4.30, a gradient of
porosity develops along the z direction. Porosity is varying from 2.3%, near the interface
1, 0.7% in the middle and to 0.3% near the top of the sample. Average pore area increases
as porosity increases: 0.7 µm2, 1.3 µm2 and 2.0 µm2 for regions near the top of the sample,
in the middle and near interface 1, respectively. Average pore area is increased by a factor
of about 3 near interface 1 compared to the region near the top of the sample.
4.3.1.2 LTCC layer on an elastic substrate
Instead of a viscous layer, the LTCC laminate can be constrained by an elastic material.
Viscous properties of the material 1 (ﬁgure 2.16) are replaced by the elastic ones: the
Young's modulus (E1) and Poisson's ratio (ν1). Similarly to Kanters' approach,
102 a new
model is derived to take into account the elastic properties of the constraining substrate
for the camber simulation of a bi-layer.
For the viscous layer, the stress along the laminate thickness is expressed by:
σr2(z) =
Ep2(z)
1− νp2(z)
(ε˙0 − zκ˙K − z˙κK − ε˙free2 (z)) (4.7)
whereas in the elastic layer, the strain in the radial direction is equal to:
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Figure 4.28: Pictures showing the camber development at 840C for a) 0 min and b) 10
min. The initial thickness ratio m is 10.
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Figure 4.29: Camber experimentally measured for diﬀerent initial thickness ratios m of
3, 5 and 10, as function of time.
εr1(z) =
1− ν1(z)
E1(z)
σr1(z) (4.8)
Rearranging eq. 4.8 and eq. 2.26, the stress along the laminate thickness is expressed
by:
σr1(z) =
E1(z)
1− ν1(z)(ε0 − zκK) (4.9)
By solving the force and moment equilibrium (eq. 2.30 and eq. 2.31), κK and ε0 are
deduced. The integration procedure is the same as in Kanters' model (Appendix B).
As mentioned before, to camber the bi-layer, the stiﬀness of the constraining layer at
the sintering temperature should be low enough: either its thickness is small and/or the
Young's modulus is small.
Figure 4.31 shows the camber experimentally measured and simulated as function of
time for a bi-layer green alumina tape / LTCC material. Both curves diﬀer from each
other. The camber experimentally measured continuously increases up to 275 m−1 whereas
the simulated camber increases abruptly in the early stage of the simulation until 4 m−1
and decreases to 0.
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Figure 4.30: SEM micrographs along the thickness of the shrinking LTCC material after
1 hour at 840C: a) at the top, position a, b) in the middle, position b and c) at interface
1, position c (ﬁgure 2.16).
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Figure 4.31: Camber experimentally measured and simulated for a LTCC laminate con-
strained by a green alumina tape with an initial thickness ratio of 3. Simulation for the
camber of bi-layer LTCC / dense alumina tape is also plotted.
The simulated camber for the bi-layer, dense alumina substrate / LTCC material is
also indicated in ﬁgure 4.31. The same dimensions have been used for the simulation as
for the experiment with the rocking arm ( 3.4.3). Experimentally, no camber has been
observed. For the simulation, the camber remains extremely low. The highest camber
obtained is 2.9·10−3 m−1, which corresponds to a curvature radius of 340 m.
4.3.2 Sintering of a symmetric laminate
4.3.2.1 LTCC layer between elastic substrates
Let's consider the following problem: a viscous layer (material 2) sinters between two elas-
tic substrates (material 1) (ﬁgure 4.32). h1 and h2 are the thicknesses of the constraining
and sintering layers, respectively and are much smaller than in plane dimensions (thin
plate). The viscous layer has a uniaxial viscosity Ep2 , a viscous Poisson's ratio ν
p
2 and a
free sintering rate ε˙free2 , whereas the elastic material is characterized by Young's modulus
E1 and Poisson's ratio ν1.
In the case where the viscous layer is totally constrained (i.e. Material 1 has a Young's
modulus which tends to inﬁnity), ε˙r = 0 and the built-in stress depends only on the
sintering parameters of the shrinking viscous material:
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Figure 4.32: Schematic of a symmetric laminate.
σr2 = σ
∞ = − ε˙
free
2 E
p
2
1− νp2
(4.10)
However, if the elastic modulus of the outside layers has a ﬁnite value, the stress
developed in the viscous laminate will be reduced. This eﬀect is quantiﬁed by calculating
the elastic response of the substrates:
εr1 = σr1
1− ν1
E1
(4.11)
The force balance equilibrium gives:
− 2h1σr1 = h2σr2 (4.12)
The following boundary condition is assumed:
εr1 = εr2 ⇔ ε˙r1 = ε˙r2 (4.13)
Rearranging eq. 4.11, eq. 4.12 and eq. 4.13 gives:
d
dt
[
−h2σr2
2h1
1− ν1
E1
]
= σr2
1− νp2
Ep2
+ ε˙free2 (4.14)
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The viscous constitutive equation in the z direction is given by:
dh2
dt
= h20
[
ε˙free2 −
2νp2σr2
Ep2
]
(4.15)
where h20 is the initial thickness of the material 2.
Combining eq. 4.14 and eq. 4.15, a diﬀerential equation of the second order is obtained:
σr2
[
ν1 − 1
E1
h20ε˙
free
2
2h1
+
νp2 − 1
Ep2
]
+ σ2r2
[
2νp
2
Ep2
1− ν1
E1
h20
2h1
]
+
dσr2
dt
[
(1− ν1)h20
2h1E1
∫ (
ε˙free2 −
2νp2σr2
Ep2
)
dt
]
= ε˙free2
(4.16)
h1 is taken constant for the calculation. Eq. 4.16 is numerically solved with a constant
∆t = 2s and by taking the following boundary conditions: at t = 0, σr2 = 0, ε˙
free
2 = 0.
The integration procedure is the same as in Kanters' model (Appendix B).
Densiﬁcation behavior of constrained laminates
Densiﬁcation behavior of the laminates is measured with diﬀerent techniques:
 for the freely sintered sample, the density is calculated by measuring radial and
axial strains in the sinter-forging facility,
 for the laminate constrained with the green alumina tape, the density is determined
by the Archimedes method for several samples heated at 840C for diﬀerent times.
 for the laminate constrained with the dense alumina substrate, the density is cal-
culated by measuring the sample thickness using the rocking arm. The sample is
constrained on one side but did not show any noticeable camber.
Large diﬀerences can be observed in the densiﬁcation behavior (ﬁgure 4.33). After
reaching the isothermal temperature plateau of 840C, the samples are about 71 % dense
after 1, 10 and 14 min, for the freely sintered sample, the laminate constrained with
the green alumina tape and the laminate constrained with the dense alumina substrate,
respectively. If the sample is freely sintered, the theoretical density is reached after about
8000 s, whereas if it is constrained with a dense alumina substrate, only a relative density
of about 88% is reached after about 11000 s. On the other hand, when the laminate is
constrained with the green alumina tape, a higher relative density is reached (∼ 95%).
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Figure 4.33: Densiﬁcation behavior for laminates freely sintered, constrained with green
alumina tapes and constrained with a dense alumina substrate at 840C.
This would imply that, in this case, the sample is not fully constrained and that a limited
degree of constraint exists.
Microstructure characterization
Microstructure investigation is performed on cross sections at the relative density of
86%. As can be seen in ﬁgure 4.34, the average pore area changes if the LTCC material
is constrained or not, and is aﬀected by the substrate type. It has also been observed
that when the laminate is freely sintered, the average pore area remains approximately
constant with density and is about the same order as the average particle area (∼ 0.4
µm2) - ﬁgure 4.35. If the sample is constrained by a green alumina tape, the average pore
area is increased by a factor of 5 at 86% and 10 at relative densities larger than 92%.
If the sample is constrained by a dense alumina substrate, this factor is higher than 25
and the average pore area is about 10 µm2. Diﬀerences in the densiﬁcation behavior and
the microstructure can be directly correlated: the more densiﬁcation is hindered and the
lower the ﬁnal density is, the larger the pores are.
In ﬁgure 4.36, the pore orientation factor is plotted as function of density for samples
freely sintered, constrained with a green alumina tape and constrained with a dense alu-
mina substrate. When the laminate is freely sintered or constrained, the pore orientation
factor kp remains the same and is equal to about 2.5. When the laminate is constrained
4.3 Sintering behavior of laminates 89
Figure 4.34: SEM micrographs of laminates a) freely sintered, b) constrained with green
alumina tapes and c) constrained with a dense alumina substrate at a relative density of
about 86%.
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Figure 4.35: Average pore area as function of relative density for laminates freely sintered,
constrained with green alumina tapes and constrained with a dense alumina substrate.
Average area of alumina particles is indicated by a dash line.
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Figure 4.36: Pore orientation factor kp as function of relative density for laminates freely
sintered, constrained with green alumina tapes and constrained with a dense alumina
substrate.
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Figure 4.37: Particle orientation factor kp as function of relative density for laminates
freely sintered, constrained with green alumina tapes and constrained with a dense alu-
mina substrate.
by a dense alumina substrate, the pore orientation factor becomes lower than 1, which
means that the pores are oriented perpendicularly to the plane of the laminate.
Figure 4.37 displays the particle orientation factor as function of density for the various
samples. In every case, particles have an orientation factor kp larger than 1, lying between
4 and 10. When laminates are freely sintered or constrained by a dense alumina substrate,
no diﬀerence in the orientation factor is observable. If the laminate is constrained by a
green alumina tape, the orientation factor is larger (two times larger at 86% of relative
density).
For both constrained laminates, no gradient of porosity, average pore area and pore
orientation was observed along the thickness of the laminate. The orientation factor of
the particles remained also constant.
Simulation
The built-in stress in the shrinking layer is calculated using eq. 4.16.
Figure 4.38 provides stress built into the LTCC material as function of relative den-
sity. A lower Young's modulus leads to a lower stress σL. To underline this eﬀect, the
normalized stress σN is deﬁned as follows:
σN =
σr2
σ∞
(4.17)
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Figure 4.38: Stress built into the LTCC material as function of relative density for a
LTCC laminate constrained by (i) a rigid substrate whose Young's modulus is inﬁnite,
(ii) a dense alumina substrate, (iii) a green alumina tape and (iv) a substrate whose
Young's modulus is equal to 1 GPa.
where σ∞ corresponds to the stress calculated when the laminate is perfectly constrained
(eq. 4.10) and is represented by the square dots (ﬁgure 4.38).
As can be seen in ﬁgure 4.39, when the LTCC material is constrained by the dense
alumina substrate, the decrease of the built-in stress is very small and represents 3 % of
σ∞. When the laminate is constrained by the green alumina tape, the decrease starts
from lower relative densities and is larger (about 33%). To give an order of magnitude of
how built-in stress is aﬀected by a lower value of Young's, the calculation for a Young's
modulus of 1 GPa is represented by the round dots. In any case, relaxation of the stress
is not observed at low relative densities (from 65 to 70 %).
4.3.2.2 LTCC layer between viscous substrates
Similarly to the previous model, a viscous model can be developed. The elastic equa-
tion 4.11 is replaced by the viscous one:
ε˙r1 = σr1
1− νp1
Ep1
+ ε˙free1 (4.18)
The radial strain rate in material 2 can be rewritten as:
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Figure 4.39: Normalized stress as function of relative density for a LTCC laminate con-
strained by (i) a dense alumina substrate, (ii) a green alumina tape and (iii) a substrate
whose Young's modulus is equal to 1 GPa.
ε˙r2 = σr2
1− νp2
Ep2
+ ε˙free2 (4.19)
Applying the force balance equilibrium (eq. 4.12) and the boundary condition (eq. 4.13),
the stress σr2 built into the LTCC is given by:
σr2 =
ε˙free1 − ε˙free2
1− νp2
Ep2
+
h2
2h1
1− νp1
Ep1
(4.20)
The integration procedure is the same as in Kanters' model (Appendix B). For this
model, no experimental data are available. However, the built-in stress, σr2, is simulated
for a LTCC shrinking layer constrained by dense LTCC substrates with an initial thickness
ratio h2/h1 of 4. Results are plotted in ﬁgure 4.40 and 4.41. Trends of the curves are
similar to the simulation of a symmetric laminate constrained by elastic substrates: the
stress is relaxed only at high densities. The normalized stress decreases up to 0.28.
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Figure 4.40: Stress built into the LTCC material as function of relative density for a
LTCC laminate constrained by (i) a rigid substrate whose uniaxial viscosity is inﬁnite,
(ii) a dense LTCC layer.
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Figure 4.41: Normalized stress as function of relative density for a LTCC laminate con-
strained by a dense LTCC layer.
Chapter 5
Discussion
5.1 Free sintering
Contrary to uniaxially and subsequently isostatically pressed polycrystalline materials,74 a
slight anisotropic shrinkage behavior of bulk samples is observed (ﬁgure 4.1). Anisotropy is
believed to be caused by the uniaxial pressing. For steel powder compacts, it was observed
by in situ microtomography that pores are oriented perpendicular to the load.164 It is
expected here that pores should be oriented in the same direction, as the sample initially
exhibits a higher densiﬁcation rate in the radial direction: the high radius of curvature
enhances densiﬁcation in this direction.134
Concerning laminates, it was found in the literature that for alumina, the in-plane
shrinkage remains higher than the axial shrinkage during densiﬁcation.63;136 It was at-
tributed to the pore orientation (parallel to the in-plane) and the diﬀerences of packing
in both directions (a higher density of packing is reached in the axial direction). A higher
radial strain rate than axial strain rate is observed here only in the early stage of sintering.
This initial anisotropy is even larger than for bulk samples, so that pores are expected to
be further oriented.
Beyond a certain range of density, axial strain rate overtakes the radial strain rate
for both kinds of samples. This occurs at a relatively low density: at 68% and 74% of
relative density for laminates and bulk samples, respectively. However, at 90% of relative
density, the pore orientation factor is approximately the same for laminates and bulk
samples and is larger than 1 (ﬁgure 4.36), which means that pores are still oriented in
the perpendicular plane to the axial direction. Therefore, pore orientation determined on
2D micrographs is not suﬃcient to explain the trend for strain rates. Two other possible
reasons could be envisaged: sintering anisotropy may be inﬂuenced by (i) gravity137;138
and (ii) the small alumina disc placed on the top of the sample which exerts a load of 60 Pa
(ﬁgure 3.2). In the ﬁrst case, for bulk samples, which are more prone to the gravity eﬀect,
no slumping of the sample is observed. Thus, gravity eﬀect should be disregarded. In the
second case, the force exerted by the alumina disc is smaller on a laminate than on a bulk
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sample (the contact area is larger on a laminate than on a bulk sample). Thus, it does not
explain why, at higher densities, the anisotropy is magniﬁed for laminates compared to
bulk samples. A possible interaction between pores and particles may occur. This will be
discussed in more detail for sinter-forged specimens ( 5.2.1). A three-dimensional access
to the microstructure may be needed to further explain the anisotropic sintering behavior.
As the resolution obtained by microtomography is too low (a voxel or "volumetric pixel"
is typically of the micrometer range)165, sequential ablation by Focused Ion Beam (FIB)
is the only method which could be used to better characterize the microstructure as a
better resolution can be reached (1 voxel corresponds to about 2 nm3).166
Although the glass does not wet the alumina particles,143 theoretical density is ob-
tained (ﬁgure 4.2). This observation is contrary to Ewsuk's model where it is stated that
it is necessary that the glass wets the ceramic particles.48 As Kemethmüller et al.51 no-
ticed, this indicates that the predominant mechanism for the densiﬁcation is viscous ﬂow
(3rd stage of Ewsuk's model).
Diﬀerences in the densiﬁcation behavior between bulk samples and laminates (ﬁg-
ure 4.2) could arise from two reasons: (i) microstructural diﬀerences (packing, pore ori-
entation, particle orientation) and (ii) diﬀerent initial densities. Guillon et al.167 noticed
the inﬂuence of green state processing on the densiﬁcation behavior: the authors showed
that if pores are smaller, sintering stress is larger. As can be seen in ﬁgure 4.4, median
pore size for bulk samples is smaller than for laminates. Hence, the sintering stress is
smaller for laminates (eq. 2.15). The median pore size remains about two times larger for
laminates compared to bulk samples. Considering eq. 2.6, the time required to complete
densiﬁcation for a glass material is proportional to the pore size. This is in good agree-
ment with the densiﬁcation curves presented before (ﬁgure 4.2): as pore size is two times
larger, the required time to complete densiﬁcation is twice longer.
5.2 Sinter-forging
5.2.1 Uniaxial viscosity
The magnitude of the load and range of density for which the load was applied strongly
inﬂuenced the measurement of the uniaxial viscosity (ﬁgure 4.9 and ﬁgure 4.11). In
comparison, bulk alumina samples have been investigated by Zuo et al.74 and larger
stresses were applied: from 0.1 MPa to 2.5 MPa. The density range for which the load
does not inﬂuence the sintering parameters was deﬁned to be lower than 5% of relative
density. In the current study, the density range for which sintering parameters are not
aﬀected by the load is smaller than 1% of relative density. As the LTCC material sinters at
a temperature higher than the glass transition (∼ 720C), measured sintering viscosities
are much lower than sintering viscosities for polycrystalline materials (between 30 and
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Figure 5.1: Schematic of microstructure for a) freely sintered bulk sample at 90% of
relative density and b) sinter-forged bulk sample at 90% of relative density. Pores, alumina
particles and glass matrix are represented in white, black and grey, respectively.
2500 GPa.s for alumina bulk samples).74 Thus, stresses larger than 0.02 MPa (ﬁgure 4.11)
signiﬁcantly inﬂuence the apparent value of the uniaxial viscosity.
As the load is applied, pores become more oriented perpendicularly to the loading
direction (ﬁgure 4.19). This observation is contrary to what was observed in the case of
crystalline materials,72 for which pores tend to be oriented parallel to the loading axis
(ﬁgure 2.18). However, for our present material, it was noticed that pores are almost
always in contact with alumina particles (ﬁgure 4.17). This is certainly due to the fact
that the glass matrix does not wet the alumina particles.143 Previous work125;130;168 showed
that sintering anisotropy could be aﬀected by inclusions: it was noticed that the pores
between matrix and particles will tend to have a preferred orientation and shape if the
inclusions are oriented.
Macroscopic uniaxial viscosity and microstructure can be correlated. For alumina
materials, although elongated pores along the loading direction cause a higher pore density
distribution along the z-axis, uniaxial viscosity decreases as grain growth is hindered
during CSF.74 For sinter-forged and freely sintered LTCC bulk samples, microstructural
tendencies can be distinguished at 90% of relative density:
 when the sample is freely sintered, the microstructure is slightly anisotropic: pores
and particles are slightly oriented in the radial direction (ﬁgure 5.1 a)). The sinter-
ing body may be considered to be transversely isotropic ( 2.3.1) as no diﬀerences
in properties along the r and θ directions are expected. As strain rates for free
sintering and DSF experiments match after release of the load (ﬁgure 4.14), the
microstructures of freely sintered samples and DSF samples are considered to be
identical. Thus, the sintering parameters previously measured are: Epz,free, ν
p
zr,free,
ε˙freez,free and ε˙
free
r,free (ﬁgure 5.1 a)). The subscript "free" refers to the case when the
bulk sample is freely sintered.
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 when an uniaxial load is applied for some density range, particles as well as pores
tend to be aligned perpendicularly to the loading direction z (ﬁgure 5.1 b)). In this
case, sintering parameters are altered. Sintering parameters of a sinter-forged body
with high loads are then: Epz,SF , ν
p
zr,SF , ε˙
free
z,SF and ε˙
free
r,SF . The subscript "SF" refers to
the case when the bulk sample is previously sinter-forged. With time, it is expected
that the material recovers its pseudo-isotropic structure deﬁned in ﬁgure 5.1 a) and
thus its sintering parameters.169
Due to the mechanical load, orientation of anisometric alumina particles increases their
fractional area in the plane perpendicular to the load. The alumina particles may thus
act as barriers and hinder viscous ﬂow of the glass, which increases the resistance against
deformation in the axial direction. This observation may rationalize the fact that uniaxial
viscosities determined by CSF were much higher than uniaxial viscosities determined by
DSF. Other studies56;85;142 showed that the uniaxial viscosity is overestimated with a
constant load test because the strain rate in the direction parallel to the loading direction is
underestimated: the driving force gradually decreases in the axial direction. The presence
of the recovery eﬀect supports this concept.
Mohanram et al.142 found also microstructural diﬀerences between freely sintered and
constant-loaded LTCC samples. In the case of the constant-loaded specimen, pore clusters
are larger and the presence of low density regions is more pronounced. This has not been
observed in this work since the pore size remained constant for freely sintered and DSF
samples.
To take into account the anisotropy development during sinter-forging, the following
formula is proposed :
Epz,SF = E
p
z,free + f(ρ0,∆ρ, σ) (5.1)
where f(ρ0,∆ρ, σ) is a function to take the stress history into account. This function
should depend on: ρ0, the initial density where the load was applied; ∆ρ, the range of
density where the load was applied and σ, the stress state.
Comparison with models
Uniaxial viscosities of other LTCCmaterials (GCC) measured by cyclic loading dilatom-
etry have been found to follow the same trends and values were in the same range as those
presented here, i.e. between 0.1 and 100 GPa.s (viscosities higher than ∼ 20 GPa.s were
attributed to crystallization of the glass).142;144;145;148;149 Uniaxial viscosities measured at
820C and 840C can be both ﬁtted by an exponential growth function (eq. 4.6). By
normalizing the obtained viscosities by the value extrapolated to 100%, uniaxial viscosi-
ties present the same trend and match: diﬀerences remain less than 15% over the whole
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Figure 5.2: Density dependence of uniaxial viscosity normalized by the value obtained at
full density for Ducamp's model68, Rahaman's model85 and experimental values obtained
at 820 and 840C.
density range (ﬁgure 5.2). This is expected since the uniaxial viscosity is only thermally
activated.
Most of the models predict a quasi linear increase of the uniaxial viscosity with density
(ﬁgure 2.11). However, two models show good agreement with the measured data: the
models by Ducamp68 and Rahaman.85 Pore shape is taken into account in both models
including it in a ﬁtting parameter. Ducamp's predictions are plotted for an α = 19 and
Rahaman's predictions for an a0 = 11 (Appendix A). As both ﬁtting parameters are quite
high, the load bearing area in the early stage of sintering is believed to be low. This is in
good agreement with pore orientation deﬁned for freely sintered sample. As densiﬁcation
proceeds, models predict an exponential increase of the load bearing area. Ducamp's
model68 is derived empirically from viscosities measured on glass. This indicates that the
alumina particles do not aﬀect the trend of the curve. This concept is supported by the
experimental work from Salamone et al.76 since the addition of ceramic particles did not
change the uniaxial viscosity trend but just shifted it to higher values.
5.2.2 Viscous Poisson's ratio
For the density range above 80%, experimentally measured values for the viscous Poisson's
ratio (ﬁgure 4.16) agree with available models and other experimental results which pre-
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dict a continuous increase of νp as function of density (ﬁgure 2.12).31;32;57;71;73;76;92;94;147;170
Below 80% of relative density, the viscous Poisson's ratio decreases with increasing den-
sity, which has been reported only for Rahaman's model.85 However, the initial anisotropy
should be taken into account. As the pores are believed to become more oriented per-
pendicular to the load (pores will orientate along the alumina particles), the mechanical
coupling between the axial and the radial direction may be larger than in the isotropic
case and hence the viscous Poisson's ratio should be larger. As densiﬁcation proceeds, the
viscous Poisson's ratio increases as density increases. At high densities, values are slightly
larger than 0.5, which is not consistent with the isotropic constitutive equations of the con-
tinuum mechanical description of sintering. Nevertheless, Poisson's ratio for anisotropic
elastic materials can have no bounds.171 Numerical sintering simulations could also pre-
dict viscous Poisson's ratio higher than 0.5.65 These higher values may be attributed to
the fact that the material is still not isotropic.
As anisotropy is induced (during CSF), the apparent viscous Poisson's ratio (νpzr,SF )
increases and remains lower than 1. The increase of the viscous Poisson's ratio is sup-
ported by the simulations from Wonisch et al.65 and experimental work of Chang et
al..172 However, for alumina71 as soon as anisotropy was induced, viscous Poisson's ratio
decreased abruptly to negative values. A characteristic of the formed anisotropy is that
radial shrinkage was promoted.
Viscous Poisson's ratio of a LTCC material has been measured by Mohanram et al.147
Values of viscous Poisson's ratio were found to be in good agreement with the models of
Venkatachari73 and Scherer.31 However, as wee will see later ( 5.3.2.1), the method they
used to calculate the viscous Poisson's ratio cannot lead to satisfactory results for our
material.
5.2.3 Hydrostatic sintering stress
The hydrostatic sintering stress, obtained from eq. 2.14, is plotted as function of density
(ﬁgure 5.3). For both isothermal temperatures, the hydrostatic sintering stress presents
similar trends and values. In the early stage of densiﬁcation, the absolute value of the
hydrostatic sintering stress, Σ, was found to decrease slightly with density and then to
increase strongly as the density approaches 95%. Note that for DSF at 840C at 95% of
relative density, the error bar is very large. This is due to the fact that as viscous Poisson's
ratio approaches 0.5 and the free strain rate is still not negligible, the hydrostatic sintering
stress will tend to inﬁnity (eq. 2.14). The trend of the hydrostatic sintering stress is
comparable with that observed on alumina for which the sintering stress was obtained for
a range of temperatures until a density of 98%.167 For this case, it showed little change
until a density of about 88%, then increased in absolute value up to a density of 97% and
then decreased again. It is also expected for our material that the hydrostatic sintering
stress will decrease at high densities, as densiﬁcation rate decreases. Theoretical models
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Figure 5.3: Hydrostatic sintering stress Σ as function of relative density from discontinu-
ous sinter-forging experiments - isothermal temperature proﬁle at 820C and 840C.
and numerical simulations predict an increase of the absolute value of the hydrostatic
sintering stress with density.81 For glass materials, eq. 2.14 can be limited only to its
curvature term and becomes:62
Σ =
γs
r
(5.2)
Σ depends to a great extent on the radius of the pores for a glass material. Measurement
of pore size distribution showed that the mean pore radius (ﬁgure 4.4) did not change
signiﬁcantly for a range of density between 75% and 90% of relative density for bulk
samples. At higher densities, the average pore radius may be reduced and the absolute
value of the sintering stress increases. At a still later stage, the density of pores is expected
to be reduced and the absolute value of the sintering stress to be decreased again.167
Finally, a smaller sintering stress for glass than for polycrystalline ceramics is obtained
(≈13 MPa for dry-pressed alumina at 85% of relative density71). However, the surface
energy of glass and alumina are about the same order of magnitude. The mean pore
size of a sample 85% of relative density of alumina is 0.04 µm,72 which is ﬁve times
smaller than the mean pore size for our LTCC material (0.23 µm). This diﬀerence in
pore size distribution may not completely explain the diﬀerences observed between the
two materials. The capillary pressure of the grains is needed to be taken into account for
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polycrystalline materials (eq. 2.15).
Note that at 95% of relative density at 820C and at 97% of relative density at 840C,
the measured viscous Poisson's ratio is larger than 0.5. Thus, the calculated hydrostatic
sintering stresses are positive. This is not correct as the driving force for sintering is still
negative at these densities: the material further densiﬁes. This shows one of the limits of
the isotropic modeling. The hydrostatic sintering stress in the transversely isotropic case
is much more complex:
Σ =
1
3
 −2ε˙freer − ε˙freez1
Epr
(
1− νprθ −
Epr
Epz
νpzr
)
+
1
Epz
(
1− 2E
p
z
Epr
νprz
)
 (5.3)
As can be noticed in eq. 5.3, not only νpzr is needed but also a second viscous Poisson's
ratio νprθ. Thus, it is expected that the hydrostatic sintering stress remains negative up
to the theoretical density.
5.2.4 Zero radial shrinkage sintering
Between 75% and 80%, measured and predicted stresses needed to produce zero radial
shrinkage are in good agreement (ﬁgure 4.25). This could be explained by the fact that at
these relative densities, uniaxial viscosities determined by CSF and DSF are close to each
other (ﬁgure 4.9). At higher densities, large discrepancies are believed to be related to
the development of anisotropy. As a comparison, for alumina, isotropic modeling leads to
values of stresses needed to produce zero radial shrinkage also about three times smaller
than the measured one.64 Eq. 4.5 becomes in the transversely isotropic case:
σz =
Epz ε˙
free
r
νpzr
(5.4)
According to eq. 5.4, either Epz and/or ε˙
free
r may be underestimated and/or ν
p
zr over-
estimated. It has been shown that under a uniaxial load, the uniaxial viscosity increases
signiﬁcantly, the free strain rate in the radial direction is enhanced, and the viscous Pois-
son's ratio increases. Thus, all conditions are fulﬁlled.
Values for the required stress to maintain a zero radial shrinkage vary between 0 and 1.6
MPa. They are larger than the hydrostatic sintering stress calculated from the isotropic
modeling in the density range from 76% to 90%. At high densities, two considerations
can be taken into account: (i) the uniaxial viscosity is so high such that huge stresses are
required to aﬀect the radial shrinkage and (ii) as it is believed that the sintering stress
decreases, smaller stresses are needed to keep zero radial strains. As the stress needed
to produce zero radial shrinkage decreases after 91% of relative density (ﬁgure 4.25), the
second consideration is believed to be accurate.
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After removal of the load, the sample sinters faster in the radial direction as compared
to the axial direction (ﬁgure 4.26). Van der Vorst38 found a possible explanation for
expansion during viscous sintering: if pores have a large concave boundary part, pores
will ﬁrst expand to reduce the pore boundary length. This could be envisaged since
pores oriented in the rθ plane have a larger boundary part in this plane. However, more
experimental work needs to be done to further conﬁrm it. As expected, the longer the
load is maintained, the higher the anisotropy in the free strain rates. Higher ratios of the
anisotropy of the free strain rates are obtained for LTCC materials than for alumina: the
initial radial to axial strain rate ratio varies between 1.1 to 1.65 for alumina,64 whereas,
it varies between 2.4 to 4.5 in this study. This is in good agreement with the previous
results since the ratio load / uniaxial viscosity is higher for the LTCC material than for
alumina. Moreover, the longer the load is applied (i.e. for a larger increase of density),
the longer the time to recover an almost isotropic state is needed.
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Figure 5.4: Camber experimentally measured and simulated by Cai's and Kanters' model.
5.3 Sintering behavior of laminates
5.3.1 Sintering of an asymmetric laminate
5.3.1.1 LTCC layer on a viscous substrate
Two models are used to predict the camber of a bi-layer: the models by Cai107;117 and
Kanters102 (ﬁgure 5.4). Although both models are based on the same kinematical ap-
proach (eq. 2.26), diﬀerences can be noticed. Cai et al.107;117 applied directly the viscous
analogy on the derived elastic solution for the camber.122;123 Thus, the term z˙κG which
should have appeared in eq. 2.27, is unintentionally omitted. Moreover, retardation in
densiﬁcation caused by the built-in stress in the shrinking layer is not taken into account
(see appendix B). As the stress hinders densiﬁcation, the sintering parameters (Ep, νp
and ε˙free) are consequently modiﬁed.
Two additional simpliﬁcations in Cai's model were made by many researchers using
this approach:
 the thickness ratio m is taken as a constant
 viscous Poisson's ratio eﬀect is neglected in the calculation, i.e. the term n depends
only on the uniaxial viscosities
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Figure 5.5: Normalized camber rate as function of n for diﬀerent thickness ratios m of 3,
5 and 10.
In fact, the thickness ratio varies during sintering of the bi-layer and can signiﬁcantly
modify the calculated solution. This can be seen in ﬁgure 5.5 where the normalized
camber rate is plotted as function of n for diﬀerent thickness ratios m. For a constant
n = 1, the normalized camber rate decreases from 1.1·10−4 to 5.0·10−5 for m = 3 and 10,
respectively. The camber rate is thus more as two times larger. The viscous Poisson's
ratio can also largely inﬂuence the term n. If a layer is already fully sintered and another
has a relatively low density, the viscous Poisson's ratio of the dense layer will be close to
0.5, whereas the shrinking layer will have a lower viscous Poisson's ratio. In the case where
the viscous Poisson's ratio of the densifying layer is 0.1, the term n can be multiplied by
a factor 5. Depending on the uniaxial viscosity ratio, the camber rate could have a strong
inﬂuence (ﬁgure 5.5).
To sum up, Kanters' model102 is more rigorous but Cai's model107;117 is much easier
to compute as no temporal integration and spatial discretization is needed to compute
the camber.
For the calculations presented in ﬁgure 5.4, both models present similar values as the
built-in stresses do not inﬂuence densiﬁcation to a large extent. Comparing predictions
to the experimental data, it can be seen that both models overestimate the camber. In
the following part of this paragraph, experimental values are only compared to Kanters'
model.102 For the sake of comparison, the normalized camber rate will be plotted:
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Figure 5.6: Normalized camber rate experimentally measured and simulated as function
of time for diﬀerent initial thickness ratios m of 3, 5 and 10.
κ˙k,n =
∂
(
h1 + h2
R
)
∂t
=
∂ [(h1 + h2)κk]
∂t
(5.5)
where κ˙k,n is the normalized camber rate and t is the time. Thus, the eﬀect of the overall
thickness is not taken into account in the calculation of the camber rate
Predictions and experimental normalized camber are plotted for diﬀerent starting
thickness ratios as function of time in ﬁgure 5.6. Predictions lead to larger camber rate
values than experimentally measured. The model reproduces qualitatively but not quan-
titatively the experiments. Discrepancies between predictions and experiments could be
due to: (i) the development of anisotropy which is not taken into account in this isotropic
model, (ii) heating rate eﬀect and (iii) gravity which impedes the camber.
Anisotropy
The sintering parameters become anisotropic and diﬀer from the ones measured pre-
viously on bulk specimens. To understand the eﬀect of the sintering parameters on the
camber rate, ﬁgure 5.5 is considered. Diﬀerent cases could explain why predicted values
overestimate the warpage: (i) the shrinking layer becomes too viscous and thus impedes
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the camber (n decreases); (ii) the shrinking layer becomes less viscous so that the in plane
stresses can be easily relaxed and thus cambers less (n increases); (iii) the free strain rate
decreases and (iv) the viscous Poisson's ratio in the plane of the shrinking layer increases
(n decreases). We have previously seen that the viscosity of this LTCC material is very
sensitive to external stresses: when a load is applied, the microstructure is altered and
the sintering parameters are highly modiﬁed.
As can be seen in ﬁgure 4.34, when the LTCC layer is constrained with the dense
alumina, pores tend to orientate perpendicular to the plane. In this case, the apparent
uniaxial viscosity as well as the free strain rate in the plane rθ decreases. Thus, conditions
(ii) and (iii) are fulﬁlled. Concerning the fourth case, evolution of the viscous Poisson's
ratio will be later discussed ( 5.3.2.2).
Moreover, as the initial thickness ratio m is smaller, the diﬀerence between simulation
and experiments in camber rate is larger: a ratio of 20, 10, and 4 between simulation
and experiments were found for m of 3, 5 and 10, respectively. A possible explanation is
that the sample is less constrained when the camber is larger. Thus, a lower degree of
anisotropy will be induced and as a result, the isotropic modeling agrees better with the
experimental curve. This explanation will be further validated by calculating the stress
state for the diﬀerent experiments.
Heating rate eﬀect
Kanters noticed a dependence of the camber on the heating rate: simulations failed
to predict the experimental camber for high heating rates.102 The reason proposed was
that a high heating rate leads to a large error in temperature measurement. The heating
rate was decreased here from 20C/min to 5C/min for the experiment with an initial
thickness ratio m of 5. However, this did not have any inﬂuence on the overall camber.
Gravity eﬀect
The gravity eﬀect on camber can also be investigated. As soon as the bi-layer starts
to camber, i.e. the ends lift up, gravity will exert a moment which tends to camber in the
opposite direction. The moment, Mgravity, due to gravity at the ends of the bi-layer can
be expressed by:173
Mgravity =
∫ L/2
0
g · ρ · b · h · x · dx (5.6)
where g = 9.8 m.s−2 is the gravity, ρ the density, L, b and h are the length, width and
thickness of the bi-layer, respectively.
The moment due to camber Mr can be expressed by:
173
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Mr = Iκ˙E
p (5.7)
where I = bh3/12 is the moment of inertia of the cross-section of the bi-layer.
To compare both moments, the ratio, $, has been introduced:
$ =
Mr
Mgravity
(5.8)
The following assumption for the calculation of Mr is made: in the worst case (the
moment Mr is the smallest), the uniaxial viscosity of the entire bi-layer is assimilated
to the uniaxial viscosity of the shrinking layer. In fact, the constraining substrate will
increase the moment Mr as the substrate is stiﬀer than the shrinking layer. Initial values
of $ are 10, 17 and 50 for the experiments with m = 3, 5 and 10, respectively. At the
beginning of sintering, the gravity does not inﬂuence in large proportions the camber.
As densiﬁcation proceeds, $ decreases: camber rate decreases faster than the uniaxial
viscosity increases, whereas Mgravity remains identical as the constraining substrate does
no shrink (Mgravity ≈ 1 · 10−5 N.m−1). Thus, it explains why for longer sintering times
the experimental camber rate is slightly negative. Furthermore, the heaviest sample (for
an initial thickness ratio m = 10) shows the highest negative normalized camber rate
(ﬁgure 5.6).
Stress state
Kanters' simulation102 allows calculating the built-in stresses at diﬀerent position along
the thickness of the shrinking LTCC material (eq. 2.29). Stresses are plotted at diﬀerent
positions as function of density in ﬁgure 5.7. As in ﬁgure 2.16, the calculated stress state
is asymmetric. It is found that the material near the free side of the sample is in a
compressive state: densiﬁcation will then be enhanced. It explains why a minor porosity
has been observed at this location (ﬁgure 4.30 a)), whereas, near the interface 1 a tensile
stress slightly lower than the stress built into the LTCC layer, when no radial shrinkage is
allowed (σ∞), is calculated. This tensile stress hinders the densiﬁcation and thus a higher
porosity is noticed (ﬁgure 4.30 c)). Pores with an average pore area of 2 µm2 are found
in the vicinity of the substrate which is about 4 times larger than the average pore area
of freely sintered laminates.
Similar microstructural observations have been made in the literature: larger pores in
constrained glass ﬁlms have already been observed and the pore size decreases as pores are
located far from the constraining substrate.116;174 However, pore size does not increase to
such a large extent: pores in the vicinity of the constraining substrate remain 1.6116 and
2-3174 times larger than for freely sintered samples. Moreover, like in this study, pores did
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Figure 5.7: Stresses at diﬀerent z positions: at interface 1 and at the top. The average
stress in the LTCC layer as well as the stress built into the LTCC layer when no radial
shrinkage is allowed are also plotted.
not show any preferred orientation. Pore growth was attributed to the combined eﬀect of
constraint and poor wetting of the substrate by the glass. As we will see in 5.3.2, this
explanation is disregarded since in symmetric laminates, large pores are also found far
from the constraining substrates.
The average stresses built into the shrinking LTCC layer are plotted as function of
relative density for the diﬀerent initial thickness ratios (ﬁgure 5.8). For each experiment,
the average stress state is lower than σ∞. At 65% of relative density, the average stress
is lower by a factor 3.9, 2.3 and 1.5 for m = 10, 5 and 3, respectively. This factor further
increases to values of about 5 for all three experiments at 92% of relative density. These
calculations match with the fact that a lower degree of anisotropy is induced when the
camber is larger.
In the dense LTCC substrate, tensile stresses as high as 4.18 MPa and compressive
stresses as low as - 4.84 MPa are predicted (for the experiment with an initial thickness
ratio of m = 10). High stresses are reached at the beginning of the simulation. They
further decrease as densiﬁcation proceeds. Stresses are higher in the substrate than in
the shrinking LTCC layer due to the higher uniaxial viscosity of the substrate. For lower
initial thickness ratio, the stresses built into the dense LTCC substrate increase in the
substrate so that eq. 2.30 is veriﬁed.
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Figure 5.8: Average stresses built into in the shrinking LTCC layer as function of relative
density for initial thickness ratios m of 3, 5 and 10. The stress built into the LTCC layer
when no radial shrinkage is allowed is indicated.
For the camber prediction of other bi-layer systems, Cai's model107;117 and the Stoney
formula were successfully applied.120;145;175 The following reasons can be envisaged to
explain why the above models succeeded to give accurate predictions: (i) magnitude of
the built-in stresses is much lower than the sintering stress, (ii) the material does not
exhibit such an anisotropic behavior under constraint.
In the ﬁrst case, stresses cannot induce anisotropy so that the sintering parameters
of the constraining layer do not deviate from the one experimentally measured using an
isotropic modeling. In the second case, sintering parameters does not change abruptly
under constraint. Alumina fulﬁlls both conditions: it has been shown that anisotropy
was induced after an increase of 5% of relative density and uniaxial viscosities remained
sensibly similar at low densities whatever the applied load.74 Thus, the camber of a bi-
layer composed of two alumina layers with a diﬀerent starting green density has been
correctly predicted.175 Chang et al.145 successfully predicted the camber of a bi-layer
with two diﬀerent LTCC materials. As the temperature range of densiﬁcation is for both
materials similar, built-in stresses are small compared to the sintering potential.
The two conditions mentioned before are not fulﬁlled for the experiments presented
in this thesis. Therefore, it shows another limit of the isotropic modeling.
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5.3.1.2 LTCC layer on an elastic substrate
Constrained by a green alumina tape
As can be seen in ﬁgure 4.31, the simulation fails to predict the camber of a bi-
layer green alumina tape / LTCC layer. Experimentally, camber increases continuously,
whereas the simulation predicts an increase of the camber at low densities and a further
decrease as densiﬁcation proceeds. Huge discrepancies between the simulation and the
experimental results cannot be only attributed to the development of anisotropy during
sintering.
At low densities, simulation predicts that the maximal tensile stress observed at the
bottom of the sample is around 7 MPa. Ostrowski et al.176 determined the bending
strength for alumina sintered to low densities. For a sintered alumina at 1100C with
a relative density of 56%, the bending strength is about 5 MPa. In our case, the green
density is slightly higher: 59% of relative density, but the sintering temperature is lower:
840C. Moreover, the sample starts to camber around 760C. At this stage, the diﬀusion
process is less advanced than at 1100C : as shown in ﬁgure 4.27, Young's modulus
increases signiﬁcantly with temperature, which indicates that necks between particles are
being consolidated. Consolidation without densiﬁcation is believed to be increased up
to the sintering temperature. Thus, it is expected that the green alumina tape has a
smaller bending strength at 760C than at 1100C and therefore, during sintering of
the bi-layer, that numerous microcracks are formed in the elastic substrate. At longer
sintering times, when the camber is extremely large (≈ 250 m−1), the substrate shows
some macroscopic cracks. The substrate does not fulﬁll anymore its role, and the LTCC
layer is only constrained at some locations.
Simulation for various Young's modulus for the constraining substrate
The simulation can give an insight for which range of the Young's modulus of the
constraining substrate the camber is negligible. The following geometrical parameters are
taken for the simulation: h1 = 240 µm and h2 = 720 µm. The maximal camber is found
to (i) strongly decay with moderate values of the Young's modulus of the constraining
substrate (below 10 GPa) and (ii) converge to zero for larger Young's moduli (ﬁgure 5.9).
If the Young's modulus has values below 10 GPa, a substantial camber can be observed.
If the Young's modulus of the constraining substrate is 400 GPa, the maximal camber
calculated is 0.11 m−1.
For the simulated cambers with diﬀerent Young's moduli, the camber increases in the
early stage of the simulation and then decreases as time increases. This can be directly
correlated to the stress built into the shrinking layer: the highest average transient stress
is always observed at low densities.
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Figure 5.9: Maximal camber as function of Young's modulus of the elastic substrate.
In ﬁgure 5.10, the stress built into the LTCC is represented for diﬀerent values of
Young's modulus. When the Young's modulus has a value of 400 GPa, the stress built into
the LTCC is identical to the case of the fully constrained LTCC (i.e. the Young's modulus
of the constraining substrate tends to inﬁnity) and remains approximately constant along
the thickness: the diﬀerence between the stress at the top and at the interface 1 reaches
a maximum of 12 kPa in the early stages of densiﬁcation and at relative densities larger
than 68%, this diﬀerence does not exceed 20 Pa. If the constraining substrate has a lower
Young's modulus, the stress is relaxed mainly in the beginning of densiﬁcation when high
incompatibility stresses develop and when the camber is the largest (ﬁgure 5.10). As the
camber decreases, the stress built into the LTCC remains approximately constant along
the thickness and match with the stress calculated for the fully constrained case.
The predicted built-in stress in the LTCC layer for the simulation of the experiment
described in  3.4.3 is also found to be constant along the thickness: the diﬀerence between
the stress at the top and at the interface 1 reaches a maximum of 115 Pa (which represents
0.05% of the average stress) in the early stages of densiﬁcation. At relative densities larger
than 69%, this diﬀerence does not exceed 0.4 Pa. This is in good agreement with the SEM
observations where no microstructural diﬀerences are found along the thickness.
It is also expected that anisotropy does not inﬂuence signiﬁcantly the camber when the
Young's modulus of the constraining substrate is large and the uniaxial viscosity of the
shrinking layer is small: changes in the uniaxial viscosity induced by anisotropy remain
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Figure 5.10: Average stresses built into the LTCC layer as function of relative density for
elastic substrates with Young's modulus of 400 MPa, 1 GPa, 400 GPa and inﬁnity (fully
constrained).
limited.
5.3.2 Sintering of a symmetric laminate
5.3.2.1 Fully constrained
As we have seen before, a shrinking layer can be fully constrained on one side if the
Young's modulus is high enough. The stress state is almost identical as if the shrinking
layer was constrained from both sides. This validates the assumption that a LTCC layer
sintered on a dense alumina substrate can be considered as fully constrained (experiment
with the rocking arm - ﬁgure 3.4).
By constraining a LTCC layer by a dense alumina substrate, it appears that the densi-
ﬁcation behavior of a viscous composite like this LTCC is as limited as for polycrystalline
alumina ﬁlms (ﬁgure 4.33). According to the continuum mechanical description of sinter-
ing, the densiﬁcation rate of a constrained sample can be predicted from the densiﬁcation
rate of freely sintered laminates and the viscous Poisson's ratio (eq. 2.25). Results are
shown in ﬁgure 5.11. Discrepancies exist between prediction and the measured curve:
predicted values are larger than the ones experimentally measured. Moreover, no early
saturation of densiﬁcation is predicted.
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Figure 5.11: Densiﬁcation rate for laminates (i) freely sintered laminate (ii) constrained
by a dense alumina substrate and (iii) simulated when no in-plane shrinkage is allowed.
By taking the opposite approach, the viscous Poisson's ratio can be expressed as a
function of the ratio densiﬁcation rate of a constrained laminate to densiﬁcation rate of a
freely sintered laminate (eq. 2.25):
νp =
3
(
ρ˙cons
ρ˙free
)
− 1
3
(
ρ˙cons
ρ˙free
)
+ 1
(5.9)
Equation 5.9 is derived considering that the shrinking layer remains isotropic during
sintering. For an isotropic material it is widely accepted that the viscous Poisson's ratio
varies between 0 and 0.5.92 The viscous Poisson's ratio obtained from eq. 5.9 is plotted
as a function of the ratio densiﬁcation rate of a constrained laminate to densiﬁcation
rate of a freely sintered laminate in ﬁgure 5.12. Viscous Poisson's ratio varies from -1
to +1. In the case where the densiﬁcation rate of the constrained ﬁlm is much lower
than the densiﬁcation of a freely sintered laminate, the viscous Poisson's ratio tends to
-1. For constrained laminates which exhibit a limit of densiﬁcation, the apparent viscous
Poisson's ratio will thus tend necessarily to -1: as the density of the constrained laminate
tends to its limit, the densiﬁcation rate will tend to zero whereas the free densiﬁcation rate
has a ﬁnite value. To predict a viscous Poisson's value larger than 0.5, the densiﬁcation
rate of a constrained laminate needs to be larger than the densiﬁcation of a freely sintered
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Figure 5.12: Viscous Poisson's ratio as function of the ratio densiﬁcation rate of a con-
strained laminate to densiﬁcation rate of a freely sintered laminate.
laminate. This can be seen for the simulated point at 97% of relative density for which
the viscous Poisson's ratio is equal to 0.6 (ﬁgure 5.11).
In the literature, it has been found that densiﬁcation of constrained glasses can be only
retarded147;177 or limited.105;116;156;178;179 In the ﬁrst case, Mohanram et al.147 measured the
viscous Poisson's ratio using a very similar equation (eq. 2.25). As the material sintered to
full density, the viscous Poisson's ratio did not tend to -1. This indicates that anisotropy
was not induced during constrained sintering. In the second case, Jagota et al.83 noticed
that above 75% of relative density densiﬁcation of constrained glass ﬁlms deviates from
Scherer's theory. Moreover, it was reported that the presence of silica particles in a
borosilicate glass decreases the limit of densiﬁcation when the ﬁlm is constrained.116;156
In-plane stresses reported in the literature for glasses are calculated either (i) by using
eq. 2.24150;155;179 or (ii) by measuring the camber116;118;174. However, it has been previously
shown that the second method leads to smaller values than in the reality (ﬁgure 5.8). With
the ﬁrst method, values of 10-15 kPa155, 100 kPa179 and 200 kPa150 were reported. With
the second method, values of 20 kPa116, 200 kPa174 and 0.06 to 6 MPa118 were reported.
They show good agreement with the values reported here (eq. 2.24) which are less than
300 kPa. Moreover, it has been noticed that when a fast heating rate is used (like in this
study), the highest stresses develop in the early stage of sintering116;174, whereas if the
heating rate is small the highest tensile stress peak is shifted to higher relative densities
where the densiﬁcation rate is the fastest.150;151;179
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In the case of constrained sintering of polycrystalline ﬁlms63;105;180, isotropic modeling
always failed to predict the densiﬁcation behavior of a constrained ﬁlm. It has also been
attributed to the anisotropy development. For alumina, pores are found to be oriented
along the thickness and 4 times larger than the pore size when the ﬁlm is freely sintered.63
5.3.2.2 Degree of constraint
During constrained sintering, two factors in competition inﬂuence the densiﬁcation: the
sintering stress which is the driving force for densiﬁcation and the in-plane tensile stress
which develops due to the constraint (eq. 2.24). If the sample is fully constrained, both
stresses are equal. In the case where the laminate is allowed to shrink in the plane to
some extent, the in-plane tensile stress is lower than the sintering stress. As a result, the
shrinking layer is constrained to a certain extent.
Viscous model
In order to relax stresses built-in in the shrinking layer, the substrate needs to shrink
in the radial direction (eq. 4.19). For the viscous model ( 4.3.2.2), the normalized stress
σN can be calculated using eq. 4.20 and eq. 4.10:
σN =
1
1 +
h2
2h1
1− νp1
Ep1
Ep2
1− νp2
(5.10)
Interestingly, the normalized stress does not depend on the free strain rate of the shrinking
layer (the strain rate of the material 1 is zero since the dense LTCC is already dense).
It can be noticed that the ratio is much lower than 1 if Ep2 is of the same order than
Ep1 . In the early stage of sintering, the uniaxial viscosity of the shrinking layer is too low
compared to the uniaxial viscosity of the substrate. It accounts for the inability to relax
stresses at such densities. Additionally, the normalized stress can be signiﬁcantly smaller
than 1 if νp2 increases.
Elastic model
When the LTCC layer is constrained by a green alumina tape, the densiﬁcation be-
havior diﬀers signiﬁcantly as compared to the case where it is constrained by a dense
alumina substrate. Adhesion between the dense alumina substrate and the LTCC layer
and between the green alumina tape and the LTCC layer is supposed to be the same
as, for both cases, no sliding was observed. Moreover, since the green alumina tape can
be easily removed, it is assumed that the glass does not penetrate the constraining layer.
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Thus, the diﬀerent sintering behaviors are supposed to be directly correlated to the elastic
properties of the constraining substrate.
For a symmetric laminate constrained by a green alumina tape, the stress predicted
by the simulation is only relaxed at high densities (ﬁgure 4.38 and 4.39). Radial strains
are 0.02%, 0.54% and 3.1% for constrained LTCC layer with a dense alumina substrate,
a green alumina tape and a substrate with a Young's modulus of 1 GPa, respectively.
Trends and values are comparable to the prediction of the viscous model. If the LTCC
layer is constrained by a dense LTCC substrate or by an elastic substrate of 1 GPa, trends
and values are similar. Same conclusions can be drawn: in the early stage of sintering,
the LTCC is not ﬂuid enough to relax the stresses.
Microstructural observations
Based on experimental observations, the microstructure for laminates freely sintered,
partially constrained (constraining substrate is a green alumina tape) and fully con-
strained (constraining substrate is a dense alumina substrate) are represented schemati-
cally in ﬁgure 5.13 at the same relative density of 86%. Microstructures were chararac-
terized far from the free edges. Large microstructural diﬀerences are observed which are
believed to aﬀect the sintering parameters:
 in the case of laminates freely sintered, pores and particles are slightly oriented in
the plane rθ. A transversely isotropic model can be used. The parameters of interest
to characterize this microstructure are Epr,free, ν
p
rθ,free, ε˙
free
z,free and ε˙
free
r,free.
 when the LTCC layer is partially constrained, the particles are slightly more oriented
and the pore size increases. The new parameters are: Epr,p.cons, ν
p
rθ,p.cons, ε˙
free
z,p.cons and
ε˙freer,p.cons. Compared to the microstructure of a freely sintered sample, uniaxial vis-
cosity is expected to decrease since the fractional area of alumina particles decreases
in the plane zθ and the free strain rates are expected to be lower as the pores are
larger (pore aspect ratio remains similar for both microstructures).
 when the LTCC layer is fully constrained, we observed that the particles keep the
same orientation but the pore size increases and pores are elongated in the z direc-
tion. The new parameters are: Epr,f.cons, ν
p
rθ,f.cons, ε˙
free
z,f.cons and ε˙
free
r,f.cons. Compared to
the microstructure of a freely sintered sample, the uniaxial viscosity in the plane is
believed to decrease since elongated pores cause a lower density distribution in the
plane. Free strain rate in the plane is also believed to decrease because of the high
radius of curvature.
Consistently with numerous works,155;177;179 it was observed for both degrees of con-
straining that porosity increases from the free edges to the center of the sample. However,
118 CHAPTER 5. DISCUSSION
 
a) 
Freely sintered 
Related 
properties 
free
free,r
free
free,z
p
free,r
p
free,r
,
E
ee
n q
&&
 
 
Fully constrained Partially constrained 
Related 
properties 
free
.cons.p,r
free
.cons.p,z
p
.cons.p,r
p
.cons.p,r
,
E
ee
n q
&&
 
 
Related 
properties 
free
.cons.f,r
free
.cons.f,z
p
.cons.f,r
p
.cons.f,r
,
E
ee
n q
&&
 
 
z 
q r 
c) b) 
Figure 5.13: Schematic of microstructure at 86% of relative density for a) freely sintered
laminate, b) partially constrained laminate and c) fully constrained laminate. Pores,
alumina particles and glass matrix are represented in white, black and grey, respectively.
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far from the edge, no porosity gradient was observed. Tzeng et al.155 found that pore size
does not vary along the thickness but pore density decreases from the interface to the
middle. This may be due to the fact that the free edges still inﬂuence the stress state at
this location.
Compared to the sintering of bi-layers, pores are larger when no camber is allowed: it
has been found that pores are 4 times larger in the vicinity of the constraining substrate
when the sample is allowed to camber, whereas a factor of 5 to 20 is observed when
the sample is not allowed to camber. A relationship can be seen between pore size
and predicted stresses: if predicted stresses are larger (case of sintering of symmetric
laminates), pores are larger and vice versa. The mechanism suggested by Bordia et al.52
that coalescence of the pores is more likely to produce defects during constrained sintering
is then believed to be accurate.
Pore area, pore orientation and particle orientation can be correlated. If the pore
area is below a critical size (somewhere between 5 and 10 µm2), pores will orientate
preferentially along the orientation of the particles. If the pores are large enough, alumina
particles will not inﬂuence anymore the pore orientation, and pores will preferentially
orientate perpendicular to the built-in stresses.
Finally, the limit of densiﬁcation can arise from the fact that the sintering stress is
too small to lead to pore shrinkage.109 This is veriﬁed since the highest density reached
increases as pore size decreases.
Despite the large microstructural diﬀerences, if the LTCC layer is constrained by
a green alumina tape, the simulation predicts that the stress is relaxed only to a small
extent. However, the calculation is performed by taking the isotropic sintering parameters
and evidences of anisotropy development have been found (ﬁgure 5.13). Since anisotropy
is induced, it is expected that the built-in stress is larger than the isotropic simulation.
Thus, higher stresses are reached in the elastic substrates and the stresses built-in in
the shrinking layer can be relaxed to a higher extent. In the transversely isotropic case,
eq. 2.24 becomes:64
σ∞ = − ε˙
free
r E
p
r
1− νprθ
(5.11)
Considering the microstructural observations of free and constrained laminates (ﬁgure 5.13),
LTCC materials fully or partially constrained exhibit a smaller uniaxial viscosity as well
as a smaller free strain rate in the plane. These two terms tend to lower the built-in stress
(eq. 5.11). Therefore, it is expected that the viscous Poisson's ratio in the isotropic plane
is larger when the ﬁlm is constrained.
A possible cause of error could be mentioned: the input sintering parameters for the
simulation were measured for the microstructure in ﬁgure 5.1 a). The sintering parameters
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related to this microstructure are indeed diﬀerent from the sintering parameters related
to microstructure in ﬁgure 5.13 a), b) and c).
5.4 Prospects
As we have seen, the isotropic model shows some limitations and fails to predict the
sintering behavior under constraint. A transversely isotropic model could be used for
both sinter-forging and constrained ﬁlm sintering. However, various diﬃculties need to
be adressed:
 Measurement of the anisotropic sintering parameters
 Quantiﬁcation of anisotropy, especially at low and high relative densities
 Comparison of anisotropy induced by sinter-forging to anisotropy developed during
constrained sintering
Measurement of the seven sintering parameters may be very time consuming.65 DSF
should be performed on square shaped samples with rounded edges for both directions
(axial direction - parallel to the pressing direction - and the transverse direction) to deter-
mine the sintering parameters when no anisotropy is induced. A second set of experiments
should also be performed on samples previously loaded and where the anisotropy induced
would have been quantiﬁed. Thus, the function f in eq. 5.1 could be calculated and similar
expressions could be derived for the 6 other sintering parameters. Some preliminary ex-
perimental work from Wonisch et al.65 showed the complexity of the task. However, some
experiments can be carried out to calibrate and validate numerical simulations (using for
example dissipative particle dynamics).65
There is a need to characterize the anisotropy at lower densities. When pores are
interconnected, it is particularly diﬃcult to deﬁne a pore orientation. Investigation on
the recovery eﬀect could be envisaged as a solution. Axial strains and time for recovery
may give some hints to deﬁne a degree of anisotropy.
The eﬀect of a compressive or a tensile stress is not identical. This is even more critical
in the particular case of LTCC where particle and pore orientation as well as pore size
are inﬂuenced by anisotropy. Thus, microstructures from ﬁgure 5.1 and ﬁgure 5.13 are
not analogous. Moreover, pore size is not inﬂuenced by sinter-forging whereas it substan-
tially increases when the ﬁlm is constrained. Sintering parameters could be measured on
laminates instead of bulk samples in order to have the same initial microstructure.
Chapter 6
Summary and outlook
6.1 Summary
Results of this thesis were divided into two parts: sintering under compressive stresses
(measurement of the sintering parameters on bulk samples) and sintering under geomet-
rical constraint where built-in stresses develop within the shrinking layer (sintering of
laminates).
Sintering parameters
Uniaxial viscosity and viscous Poisson's ratio of an LTCC system were successfully
determined in the isotropic case as function of density. Sintering parameters of LTCC
glass-ceramic composites were very sensitive to loads. The magnitude of the loads and
range of density for which they were applied was crucial for the anisotropy development.
Anisotropy changed drastically the apparent value of the uniaxial viscosity and reached
a maximum soon after applying large loads. Sintering parameters were further correlated
to microstructure: the microstructure became more anisotropic since pores and alumina
particles oriented to a large extent perpendicular to the applied load. As a result, the
apparent uniaxial viscosity increased.
In order to avoid such mechanically induced anisotropy, discontinuous sinter forging
for a validity range of 0.5% of relative density was performed. The obtained uniaxial
viscosities increased with density and by decreasing the sintering temperature. The vis-
cous Poisson's ratio presented the same trend for both sintering temperature proﬁles with
a small initial decrease, attributed to the anisotropic free sintering behavior and then
an increase, attributed to the increase of density. The hydrostatic sintering stress was
calculated and absolute values between 0.1 and 0.4 MPa were small compared to other
materials. A large increase in absolute sintering stress was found in the density regime
from 90% to 95% and was consistent with recent work on alumina and the expected
reduction in pore radius in this density regime.
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Sintering of laminates
Two case studies have been investigated experimentally and theoretically: (i) asym-
metrical bi-layers and (ii) symmetrical sandwich structures. For each case, elastic and
viscous materials were used as constraining substrates. It was shown that built-in stresses
were in the ﬁrst case relaxed by camber and in the second case by an in-plane shrinkage
of the constraining substrate.
In the ﬁrst case, an asymmetric stress state arose due to the diﬀerential shrinkage and
lead to the camber of the sample. With a viscous constraining substrate, two available
models (models by Cai and Kanters) were discussed and compared to experiments. The
isotropic simulation failed to reproduce quantitatively the experimental results. It was
mainly attributed to the signiﬁcant anisotropy development due to the constraint. A new
model was developed to describe the camber of a viscous layer on an elastic substrate.
The eﬀect of the Young's modulus of the elastic substrate was shown to have a strong
inﬂuence on the camber. For constraining substrates with a high Young's modulus, the
model predicted a very small camber and a stress state in the shrinking layer comparable
to the one in a symmetric laminate. This was conﬁrmed since no density gradient was
observed along the thickness of the shrinking layer. However, due to the limited bending
strength of low Young's modulus elastic substrates, the model could not be validated for
low Young's moduli.
In the second case, when the constraining substrate did not allow any in-plane shrink-
age, the shrinking layer was fully constrained. Isotropic modeling failed to predict the
densiﬁcation behavior of such laminate since it exhibited a limit of densiﬁcation. Evi-
dences of anisotropy were highlighted: (i) pore area increased by a factor of about 20 at
86% of relative densities compared to pore area determined for freely sintered samples
and (ii) pores were oriented in the perpendicular direction to the plane of the laminate. It
was further experimentally observed that the densiﬁcation behavior and microstructure
depended to a large extent on the Young's modulus of the outer layers of a sandwich
structure. By constraining the shrinking LTCC layer by green alumina tapes, the highest
density reached was smaller than the theoretical density but larger than the one obtained
when the shrinking layer was fully constrained. Moreover, the pore area was found to
be multiplied only by a factor 5 to 10 compared to the pore area determined for freely
sintered samples. A simple theoretical approach was developed to account for the elastic
deformation of the constraining layers. It was determined that the stress built into the
shrinking layer was reduced by this eﬀect. Although this eﬀect was small, it is believed
that stresses are more reduced due to the development of anisotropy.
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6.2 Outlook
This PhD thesis shows some ﬁrst evidences of the importance of anisotropy development
for glass ceramic composites under compressive and tensile stresses. Nevertheless, future
challenges and some improvement can be made. Possible future research ﬁelds are listed
here:
 First, dielectric properties could be measured for the diﬀerent microstructures de-
ﬁned in this work. Thus, the maximal degree of constraint could be deﬁned so that
the material still meets the requirements to be used for industrial applications.
 Further materials, ideally remaining isotropic under constraint, could be tested to
validate the models developed in this thesis.
 Anisotropic constitutive laws for sintering bodies could be used to characterize the
sintering behavior of the LTCC material. As we mentioned, a transversely isotropic
model should apply to both study cases: sintering under compressive stresses and
sintering under geometrical constraint. Models developed by Kanters and the ones in
this thesis should be then upgraded in order to implement the anisotropic sintering
parameters.
 The model predicting the camber of the bi-layer "viscous layer / elastic substrate"
could be adapted to other experiments such as drying of ceramic ﬁlms.
 Since limitations of the 2D microstructural characterization were shown, there is a
need to better characterize the microstructure. A 3D approach is therefore required
and the sequential ablation by Focused Ion Beam could be considered as a suitable
technique. From this perspective, anisotropy could be then better quantiﬁed.
 Finally, numerical simulations could be carried out by using the ﬁnite element
method or dissipative particle dynamics. Comparison between experimental results
and simulations could help to further improve the numerical codes.

Appendix A
Equations for diﬀerent models
The equations to plot the normalized uniaxial viscosity,
Ep(ρ)
Ep(1)
and the viscous Poisson's
ratio, νp in ﬁgure 2.11 and 2.12 for the diﬀerent models are presented below:
1=Raj and Bordia57
For ρ0 = 0.5,
Ep(ρ)
Ep(1)
=
3ln(2)
3ln(2)− ln(ρ) (A.1)
νp(ρ) =
3ln(2) + ln(ρ)
6ln(2)− 2ln(ρ) (A.2)
2=Venkatachari73
Ep(ρ)
Ep(1)
= (νp(ρ) + 1)ρ (A.3)
νp(ρ) =
21[ln(1− ρ) + 0.5ρ(ρ+ 2)] + 4ρ2
42[ln(1− ρ) + 0.5ρ(ρ+ 2)]− 4ρ2 (A.4)
3=MacKenzie and Shuttleworth32
Ep(ρ)
Ep(1)
=
4ρ[1− 5/3(1− ρ)]
3ρ+ 1
(A.5)
νp(ρ) =
6ρ− 2
6ρ+ 2
(A.6)
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4=Scherer31
Ep(ρ)
Ep(1)
=
ρ
3− 2ρ (A.7)
νp(ρ) =
1
2
(
ρ
3− 2ρ
)1/2
(A.8)
5=Skorokhod94
Ep(ρ)
Ep(1)
=
3ρ5
4ρ3 + ρ2(1− ρ) (A.9)
νp(ρ) =
4ρ3 − 2ρ2(1− ρ)
8ρ3 + 2ρ2(1− ρ) (A.10)
6=Ducamp68
The exponential factor α is experimentally evaluated. From Ducamp's results, α = 4.
Note that no model was proposed for the viscous Poisson's ratio.
Ep(ρ)
Ep(1)
=
4ρ exp(−α(1− ρ)/ρ)
3ρ+ 1
(A.11)
7=Rahaman85
The exponential factor a0 is experimentally evaluated. From Rahaman's results, a0 = 11.
Ep(ρ)
Ep(1)
=
4ρ exp(−2a0(1− ρ)
3 + exp(−a0(1− ρ) (A.12)
νp(ρ) =
1
2
(
3 exp(−a0(1− ρ))− 2
3 + exp(−a0(1− ρ))
)
(A.13)
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8=Hsueh89
The values for the following parameters derived from Hsueh's model were taken: ρ0 = 0.5
τ = 190.5 s γ = 1.67 λ = 1.67 p = 0.5 Σ = −1.0 MPa η0 = 100 GPa.s
The uniaxial viscosity is normalized at 99% of relative density as it tends to inﬁnity when
the relative density approaches full density.
Ep(ρ)
Ep(0.99)
=
(νp(ρ) + 1)2ρp(1− ρ)−λ
(νp(0.99) + 1)2× 0.99p(1− 0.99)−λ (A.14)
νp(ρ) =
−3τΣγρ(1− ρ0)γ(1− ρ)λ − 2η01ρp(1− ρ)1+γ
2 [η0ρp(1− ρ)1+γ − 3τΣγρ(1− ρ0)γ(1− ρ)λ] (A.15)

Appendix B
Kanters' model / integration procedure
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Figure B.1: Calculation of the built-in stress according to Kanters in the LTCC layer with
the integration procedure: the built-in stresses inﬂuence densiﬁcation and the sintering
parameters.
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